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ABSTRACT
RAINFALL-RUNOFF AS SPATIAL STOCHASTIC PROCESSES:
DATA COLLECTION AND SYNTHESIS
by
RAFAEL LUIS BRAS
Submitted to the Department of Civil Engineering in
January 1975, in partial fulfillment of the require-
ments for the Degree of Doctor of Science
This work recognizes rainfall and runoff as multidimensional
stochastic processes. Using the knowledge of such processes, a proce-
dure for designing an optimal network to measure the total precipita-
tion of an event over a fixed area is given. The methodology used in
this static problem allows consideration of the following aspects of
network design.
1. Spatial Correlation of Process
2. Errors of Measurement Techniques and their Correlation
3. NonHomogeneous Sampling Costs.
Optimal networks are given in terms of the number and location
of stations together with the resulting cost and mean square error of
estimation.
The relation between rainfall and runoff is recognized as a dy-
namic problem. A statistically non-stationary, multi-dimensional rain-
fall generator is suggested. The model,capable of simulating historical
storm exterior and interiors, assumes the validity of Taylor's hypothe-
sis of turbulence within a storm interior.
The suggested rainfall model is used together with a runoff model
to study the accuracy of discharge prediction as a function of the rain-
fall sampling network. The runoff model used is a spatially distributed
simulation based on a finite difference solution of the Kinematic wave
equations. Discharge prediction accuracy at any point can be obtained
in terms of the mean square error as a function of the number of rain-
fall sampling stations, their location, and the errors in sampling de-
vices. Naturally the solution is also a function of the physics of the
basin at hand which are described by the rainfall and runoff simulators.
Thesis Supervisor Ignacio Rodriguez-Iturbe
Title Associate Professor of Civil Engineering
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Chapter 1
Introduction
1.1 Rainfall: Problems in Generation and Measurement
The need of precipitation data in most water resources
problems is an uncontested fact, The planner, decision maker, or en-
gineer must deal with the problem of defining what kind of data, where
and how to collect, and also with the analysis and synthesis of the
obtained information. This is the problem of data management. As
remarked by Lenton et al (1974),it is necessary that "all aspects of
data management be integrated -- the initial collection of data cannot
and should not be treated separately from the later stages of data
analysis and synthesis." Furthermore, when possible, the data manage-
ment procedure should be defined in terms of the final objectives,
goals and uses of the collected information.
This work deals mainly with the problems of collection and
synthesis of rainfall data.
The problems of data collection networks design has been
divided into various levels (Rodda et al, 1969). Levels I and II can
be classified as problems in regional estimation; i.e., there is no
clearly defined final goal or use for the collected data. The problem
of rainfall monitoring for estimating the areal total precipitation
average for a storm event and the problem of finding the long term
(time) areal mean precipitation fall in these two levels. Level III
networks are those designed to collect data for a specific, clearly
defined objective which would imply known net benefits or utility on
- 21 -
the data. The problem of rainfall monitoring for use together with
a flood forecasting system theoretically fits in this framework.
This work deals with two network design problems, the design
of a network for obtaining the areal mean precipitation of an event
and the design of a network for obtaining data to be used in a rainfall-
runoff model. The first problem is clearly a level I design, as pre-
viously discussed. The second problem could possibly be studied as
level III, but for reasons of inadequacy of data it was treated as
level I. The first problem is discussed in Chapters 2 and 3, the
second is presented in Chapter 5.
Since the utility functions related to level I designs are
undefined, the design criteria utilized are:
1. A network with fixed budget should be designed to minimize
errors in the estimation of the hydrologic variables in-
volved.
2. A network operated with an accuracy constraint should be
designed for minimum cost.
The accuracy of the networks is considered a function of
the stochasticity of rainfall itself in terms of its spatial and tem-
poralvariation as well as the configuration of the network in terms
of the number of observations, place of the observations and the errors
inherent in the instruments used for making the observations.
Chapter 4 of this work deals with the problem of rainfall
synthesis. The generation of synthetic time series has found many
uses in the water resources field. Rainfall generation has mostly been
developed in terms of univariate storm exterior generators. Very few
- 22 -
models for generating storm interiors (temporal distribution within
the event) exist. Moreover, generation in space has been very limited.
This work proposes a bidimensional model for the generation of storms
exteriors and interiors continuously in space.
1.2 General Approach
Data collection is viewed in this work as an estimation problem.
A stochastic event, rainfall, which is continuous in space and time,
must be estimated from noisy, discrete and incomplete observations
in time and space. Designing a network is then the definition of that
system which gives the "best" estimate of the true event (rainfall).
"Best" must be defined in terms of some criteria function of a measure
of accuracy, cost, or both.
The nature of the problems studied permit the use of linear
estimators. In this case, estimators which minimize the mean square
error are used. The areal average depth problem requires a static
(time invariant) solution. The rainfall-runoff problem uses a dynamic
linear estimator, the Kalman-Bucy filter.
The rainfall synthesis problem of Chapter 4 uses a random
fields generation technique based on the sampling from the radial spec-
tral density of the process which, in turn,is obtained from the spectrum
of the process covariance function. The technique requires the existance
of some sort of isotropy in the process. The form of the process co-
variance function (in time and space) is hypothesized, using as assump-
tion the Taylor hypothesis of turbulence.
- 23 -
1.3 Literature Review
1.3.1 Network Design
Most of the existing literature in network design attempts to
define a density of observation; i.e., the number of stations needed.
Very few works address the problems of where to locate the observation
stations; how to account for instrument errors; and how to take net-
work cost into consideration.
Commonly the design is reduced to a rule of thumb. For example,
McKay in Gray's Principles of Hydrology mentions that for standard
precipitation gages, a 15 mile separation is adequate for Canadian
conditions. The same reference makes a fair review of existing design
methods. The following comments derive from that source.
The "index approach" is described in general terms by McKay
as being:
1) Based on correlation - Sensors should be exposed so that
their measurements have the highest possible correlation
with the effects which are being measured.
2) One gage should be located in each"homogeneous" area, which
apparently implies that a station should be highly corre-
lated to surroundings but correlation between stations
should be minimized. Clearly, these are opposing objectives
which will demand some trade-off.
McKay also discusses the common practice of "transposition"
which consists of designing by comparison to the "true events" defined
as that measured by dense networks in basins of similar characteristics.
- 24 -
For example, McGuinness (1963) suggests the use of the following
formula for Coshocton, Ohio;
E = .03 P. 54G .24 (1-1)
where
E = absolute difference in inches
P = rainfall in inches for "true" (dense) network
G = gauging network density in sq.mi. per gage for the
reduced network
The above formula was developed from data of watersheds less than
25 sq.mi. but found consistant for larger areas. Its extrapolation to
areas with different conditions is speculative.
Hershfield (1965) argues that the average spacing needed to obtain
a 0.9 correlation between storm rainfall events can be estimated from
the 24 hr and the 1 hr, 2 year return period rainfall. Using this cor-
relation value as a design criteria he then develops graphs of the
distance between raingages in miles as a function of the 2 year - 24
hour rainfall (in inches) and the 2 year - 1 hour rainfall (in inches).
McKay also quotes from Holtan et al, (1962), their version of
minimum standards of raingage densities for agricultural watersheds.
They are given in Table 1-1.
Several studies have been made of densely gaged areas resulting
in ideas for network design. McKay refers to a study in Wilson Creek,
Manitoba, where the standard error of estimate (rainfall) was found to
be in direct proportion to the distance between stations.
Linsley et al, (1958), give results from the United States Wea-
- 25 -
Table 1-1
(from McKay in Gray's Principles of Hydrology)
Number of Rainfall Stations Required for Agricultural
Size of Drainage
Area (acres)
Watersheds
Gauging Ratio
(mi 2 /gage)
Min-No. of
Stations
0-30
30-100
100-200
200-500
500-2500
2500-5000
over 5000
0.05
0.08
0.10
0.16
0.40
1.00
3.00
1
2
3
1 per 100 acres
1 per 250 acres
1 per sq.mi.
1 per 3 sq.mi.
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ther Bureau where a graphical relation of the standard error of precipi-
tation averages is given as a function of network density and area.That
relation was derived for the Muskingum River Basin. Similarly for Wil-
mington, Ohio, a relation between precipitation averages, network den-
sity and "true" precipitation exists,
Neil (1953) used data from the 96 sq.mi. Goose Creek watershed
(Illinois). The area had a 50 gage network. Using different but si-
milar ideas to the ones used in this work he considered that the "true"
variance of the areal mean rainfall was given by
2 _ 2 2 2(12
a2 a + a- + a2 (1-2)Xn X4 8  0
where
G2 = true variance
2
a- = estimation error variance from sample size n
x
n
2a-2 = error of using 48 raingages instead of infiniteX48
observations
a 2 = error variance of observations (instrument)
0
He concluded he could no t say much about a- and a 2 but
x 48 0
was able to fit an equation for a- of the form:
x
n
B C
a- = AP n (1-3)
x
n
where P is the population mean of the 48 gages observation.
He produced diagrams of the standard error of estimate vs. n
and T.
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Besides the work in hydrology there is considerable lite-
rature in the area of sampling stochastic processes in a plane which
is applicable to any field.
Particularly Zubrzycki (1958) discusses and derives the
formulas for the standard errors of estimates obtained from random,
stratified or systematic (random start) sampling in a plane. No con-
sideration is given to measurement error. Iatern (1960) treats the
same problems and compares the various sampling techniques.
Gandin (1965) discusses the design of networks for the col-
lection of meteorological data. As in this work he sees the problem
as one of estimation and a natural outgrowth of exercises in filtering,
estimation, and extrapolation of data which in his work is called "ob-
jective analysis".
Zawadski (1972) addressed the design of raingage networks.
He limited it to the design of systematic, uniform networks. No con-
sideration to measurement noise was given. Naturally, due to his con-
dition of uniform network grids, no consideration is given to the par-
ticular location of observations.
This work, though, uses an approach equivalent to Zawadski's
as one part of the static network design problem. Both works use mean
square error as an accuracy criteria.
Eagleson (1967) presented some network design criteria for
obtaining the long term areal mean precipitation and one of the two
works familiar to the author dealing with network design in reference
to rainfall-runoff models. Eagleson uses harmonic analysis techniques
together with concepts of distributed linear aystems to study the sen-
- 28 -
sitivity of peak catchment discharge to the spatial variability of con-
vective and cyclonic storm rainfall. No consideration is given to sta-
tion location nor to measurement errors. Considerable simplifications
of the rainfall-runoff process are made.
Grayman and Eagleson (1971, 1973) studied the problem of
network design in reference to rainfall runoff modeling. Their work
was based on extensive simulation exercises from where ideas of the
statistical distributions of discharge as a function of network design
could be obtained. They treated the problem as a level III design and
attempted to identify the utility of the various network alternatives.
Moore (1971) used Kalman filter techniques for studying
networks for the collection of water quality parameters in a 1-dimen-
sional river system.
More recently, Rodriguez-Iturbe and Mejia (1974) and Lenton
et al (1974) studied network design for the purpose of monitoring rain-
fall total depths. These two works are discussed in more detail in
Chapter 3 where they are compared to one of the solutions suggested
here.
1.3.2 Rainfall Synthesis.
The literature in rainfall synthesis is so vast that it
would be rather difficult to summarize it here in a cohesive way. The
reader is referred to Rhenals et al (1974), Leclerc et al (1973), and
Grayman et al (1971), for good reviews of the literature. Chapter 4
will further discuss the nature of existing rainfall generators and
give other relevant references.
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Chapter 2
Areal Mean of a Rainfall Event -The Theory
2.1 Problem Formulation
2.1.1. Introduction
This chapter develops a theory for the design of a precipitation
network whose purpose is the estimation of the areal mean depth of
rainfall events with particular characteristics over a fixed area.
Consider a region, a , as shown in Figure 2.1. The hydrologist is
interested in the estimation of
P = A f(x,y)dx,dy (2-1)
where
A = area of region a
f(x,y) = function describing depth of storm event over region a
P = areal average total depth of storm, f(x,y), over region a
Under usual conditions, Equation (2-1) is approximated by
discretizing region a (see Figure 2-1) and thern evaluating
n
= pf(x )i=l
Y f (2-2)
where
P = approximation of true areal average depth, P
f(x.) = discrete value of storm, f(x,y),at point i defined by
coordinates vector, x.
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0 Discretized points in area A , n =30
x Possible station locations
Figure 2-1 Area A and super-imposed discretizing
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grid
p. = weights on discrete storm depth values
n = number of discrete points where f(x ) is defined
T
y = transpose of n x 1 vector of weights, p.
f = n x 1 vector of f(x ) values
Uniform, regular, discretization is used in this work (see
Figure 2-1). Under such conditions the optimal weights are very
A
1 A.
nearly given by -= -- where A. is the area of each grid. Then
n A I
Equation (2-2) becomes:
1n
P = 1 f(x.)
n i=l
= - Tf (2-3)
The above assumptions are a matter o; convenience and normal
practice. The same scheme is similarly applicable for irregular
discretizations. In suchc.ases the optimal weights p. no longer
1
correspond to -. Optimal weights for general discretization patterns
n
could be obtained with methods of optimal interpolation (see Lenton,
et al., 1974) or with traditional weighting schemes like Thiessen
coefficients. The author strongly suggests, though , the use of
regular grids which makes very simple the problem of weight definition.
It will be clear that the use of regular grid does not seriously
constraint the final design geometry.
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Equation (2-3) together with Figure 2-1 imply the perfect
knowledge of rainfall depth at all the discrete points defined by
the superposition of a regular grid pattern on region G.. Usual
conditions, though, are far from perfect and observations are only
available in a limited number, m < n, of grid points (see Figure 2-1).
These m points of noisy observations do not necessarily form any
recognizable geometrical pattern. Thus, the hydrologist should
filter and extrapolate these noisy observations to obtain an approxima-
tion of P which is in turn an estimator of P.
This approximation may be written:
P = -i n ~ _
n i=1
or
^ T ^P =Y f (2-4)
where
f(x = estimated value of f(x.) obtained from noisy observations
at a limited number of points, m, and extrapolated to
the whole grid of n points
f (n x 1) vector of estimated rainfall depth values, f(x.),
(i=1.. .n)
P = approximated value of P and final estimation of P
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The network design problem at hand then translates to obtaining
the number, m, and location of raingages that will give us the
best estimate, P, of the true areal mean of precipitation, P. "Best"
estimate and "best" design are key terms which are defined in the
light of the criteria discussed below.
2.1.2 Design Criteria
The "best" network design in terms of the number, m, and locations
of stations is defined as that which maximizes a utility function,
U[6(m,x ); C(m,x.)] i = 1...m (2-5)
-i1-
where, U is the utility function dependent on:
6(m,x.) = certain measure of accuracy. It is a function of m,
the number of stations and x. (i=1.. .m), the location
-1
of stations
C(m,x.) = cost of m stations at locations x. (i=l...m)
The form of U(6,C) will depend on the uses planned for the data
obtained by the network to be designed. It is clear that the structure
of the utility function is strongly related to the "levels" of data
collection discussed in Chapter 1 and to which level the problem at
hand belongs.
Networks for estimating the areal mean of a rainfall event belong
in general to the level I or level II types of designs. Future use of
obtained data in the planning and managing of hydrologic activities to
be undertaken are often unspecified at the time of data collection
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becoming generally impossible to concretely specify the form of the
utility function.
An alternative approach, and the one used in this work, is to
define an objective function of the type
O(E) = 6() + C _ C (x. (2-6)
=1
where
= experiment (network) defined by m, the number of
observations, and x, (i=1 ...m) the location of the
observations
6(e) = a measure of the "lack of precision" involved in the
experiment. It will be studied in the next section.
C(x.) = cost of locating and maintaining a station at location
x.; costs are assumed additive
C6 = measure of accuracy equivalent to a unitary change in cost
Equation (2-6) assumes that the measure of accuracy is such that
an inverse relation between cost and accuracy exist. That is, as
the cost increases 6(E) should decrease.
For each given C6 the design process consists of finding the
*
optimal experiment E which minimizes Equation (2-6).
Solving the design problem for different values of C6 allows
the construction of a "transformation curve" of the type sketched in
Figure 2.2. Every point in this curve represents the values of the
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Figure 2 - 2 Plot of optimal combinations of
cost and measure of accuracy
d efi1n In g tranformation curve
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cost, C(C*), and accuracy, 6( *), associated with a network which
minimizes the objective function for a particular value of C6. A
parallel table should provide the number and locations of the
stations for each optimal experiment, or point, in the transformation
curve.
Even without knowing the exact trade-off between cost and accuracy
the decision maker can make intelligent choices using a curve like
that in Figure 2-2. If, for example, he were operating with a fixed
budget the graph (and associated table) would give him the optimal
experiment and the corresponding accuracy. Similarly the decision
maker could design under accuracy restrictions. These examples are
indeed the most common situations in level I and level II designs
like the one at hand.
2.1.3 Measure of Accuracy
Accuracy of the design is a measure of how well P (Equation 2-4)
approximates the true area mean P (Equation 2-1). Define the
approximation error as:
A = P - P (2-7)
The chosen measure of accuracy will then be the mean square error
2 2
a = E[P-P] (2-8)
where E stands for the expectation operator.
2By adding and subtracting P (Equation 2-2), a A becomes:
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2 2
aA =E[(P - P) + (P - P)]
2 ^ 2
= E[ (P -P) ] + E[(P - P) ] + 2E[(P - P)(P - P)]
= a 2 + a 2 + 2a 2  (2-9)
m e me
where
2 2
a = E[P - P] = mean square value of the "model" error.
It represents the error involved in approximating a
continuous integral by a discrete summation.
2 ^ 2a = E[P - P] = mean square value of the "estimation" error.
It represents the error involved in estimating the
discrete values f(x ), i = 1...n, from noisy and
incomplete observations
2
a = E[(P - P)(P - P)] = term arising from the dependence
between the model error and the estimation error.
2
Having devined a 2 as the desired measure of accuracy the network
design problem becomes one of minimizing
2 m
O() = a () + C C(x.) (2-10)
-=1
over all (all m; all x., i = 1...m)
ere C A = mean square error equivalent to a unitary change in cost
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2.2 Mean Square Model Error
2.2.1 Derivation
2 2
The term, a = E[P - P] can be expanded as
m
2 2 ^
a = E[PP] + E[PP] - 2E[PP] (2-11)
m
The evaluation of Equation (2-11) depends on the sampling technique
used in selecting the discrete values f(x ) of Equation (2-3). The
sampling method to be used was described previously as a fix
geometric grid pattern (starting point fixed and known). One may now
substitute Equations (2-1) and (2-3) in Equation (2-11) to obtain
2 n n1 Jx2  1 d 2
=l p cov(x.,x.) + 2 x2)dx d2j=l 11 A
2n2 cov(x, x.)dx (2-12)
n =1 A --
In computing the above equations it is assumed that f(x,y), the
rainfall function, is a zero mean process . The estimation of
mean square errors in this work will not be affected by this assumption.
Complete accounting of a non zero mean process could be done with no
technical difficulties. The covariance function in Equation (2-12) is
then defined as
cov(x.,x.) = E[f(x.) f(x)] (2-13)
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It is important to point out that the above sampling definition
could be called "systematic" but it should not be confused with
the traditional "systematic sampling" in space as defined by other
authors (Zubrzycki, 1958; Matern, 1960). In those references systematic
sampling follows a fix geometric pattern or grid but the starting
location of the grid is random. Under these assumptions the expres-
2
sion for a is different from the one given in Equation (2-12).
m
Zawadski (1972) has obtained the same results given here and shows an
equivalent expression for Equation (2-12), adequate for rectangular
grid patterns with observations in the center of gravity of the sub-
areas.
2.2.2 Evaluation
The two integral expressions in Equation (2-12) require a
functional definition of the covariance of the process. This would
restrict the proposed network design method considerably since most
of the commonly used functional covariance expressions represent
homogeneous and isotropic spatial processes. These restrictions
though will be considerably lifted as it will be seen in Chapter 3.
Furthermore, the integrals in Equation (2-12) have no close form
solution for most valid covariance functions. Traditional numerical
integrations lack the necessary accuracy and most important, they
are very expensive computationally, expecially for the case of the
double integral in space appearing in Equation 2-12. Fortunately
integrals of the form at hand can be converted to one dimensional
expectation operations which lend themselves to relatively easy and
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cheap numerical integration.
Rodriguez-Iturbe and Mejia (1974a) pointed out the following
equivalence:
d
1 cov(x1 'x2)dx1 dx2 = cov(r)G(r)dr
A 2 -A A :- -- 0
= E[cov(r)/A] (2-14)
where
G(r) = probability density function of the distance, r, between
two randomly chosen points in the region of interest. It
depends on the shape and size of the region.
d = diagonal of rectangular area.
In the above expression it is inherently assumed that the user is
dealing with functional covariances which only depend on the distance
between points, i.e., homogeneous. No isotropic assumption is made.
In this work all areas are approximated by rectangles (rectangular
grid pattern). For this geometric figure Gosh (1951) and Matern
(1960) devive G(r) as
G(r) = - G(r//, /% /Z ) (2-15)
where
G(a,b) = 2a[G1 (ab) + G2 (ab,b) + G2 (a/b, 1/b)]
with
f + a2-2a(b+/b) 0 < a < Vb
2 + b 2
G 1 (ab) 0 
otherwise
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2ai-1 - 2 cos 1(1/a) - b- (a-1) 2 1 < a < /1+ b4
G2(a,b) = { 22 2-l/)b 2 (ai 2  l -< lb2 0 otherwise
and ki, k2 are the rectangle sides, whose relative magnitudes are not
important.
For the last term in the right hand side of Equation 2-12, Lenton
et al (1974) has shown it can be written as
4 D
f cov(x, x.)dx= Y cov(r) H(r) dr (2-16)
A i=l f
where again a rectangular grid area is assumed and H(r) stands for the
probability density function of the distance, r, between a fix point,
x., and a randomly chosen point in the region of interest.
Through Equation (2-16) the two dimensional integral over the
area is transformed to the summation of four one dimensional integrals.
The integrals cover the four rectangular regions formed by cutting
the area of interest with two perpendicular lines, parallel to the
sides of the original area and going through the point x.. The
upper limits of integration are the diagonal, D., of each of the created
subregions.
The form of H(r) is the following:
Define: d = length of subregion along x axis
d2 = length of subregion along y axis
- 42 -
For dy '> d2
/O2 0 < r < d
- - 2
H(r) = { w/2 - cos 1 (d2/r) } 2< r < d1
sin (d /r) - cos ~(d 2/r) d < r < D
For d2 > d1
71/2 0 < r < d
- - 1
H(r) = { sin (d /r)} d1 < r < d2
sin-l(d/r) - cos (d2/r) d2 < r < D (2-17)
2.2.3 Examples
The mean square model error, Equation (2-12), was evaluated for
three types of covariance functions, all of them representative of
homogeneous and isotropic processes, which have been used in hydrologic
analysis (Rodriguez and Mejia, 1974a). They are:
Exponential Covariance;
2 -car
cov(r) = s e (2-18a)
Quadratic Exponential;
2 22 -a r
cov(r) = s e (2-18b)
Bessel
cov(r) = s 2br K1 (br) (2-18c)
where
s2 = point variance of the process
a.,ca2,b = parameters of functions
K = a first order modified Bessel function of the second kind
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It can be shown (see Appendix 1) that the mean square model error
(Equation 2-12) when evaluated for the above given covariance functions
in geometrically similar rectangular areas is only a function of the
number of rectangular grids (level of discretization) and a non -
dimensional area given by Au2 , Au2 , Ab2 respectively for each
functional covariance structure.
Figures 2-3, 2-4, and 2-5 show the non-dimensional mean square
2 2
model error (a divided by point variance s ) as a function of n, the
m
discretization level, and the non dimensional area. Evaluation was
done for square areas and square grid pattern over a reasonable range
of non-dimensional areas and n values. Calculation of the mean square
model error for the single exponential and the Bessel covariance
functions was done utilizing Equations 2-14 and 2-16 together with a
numerical integration method (trapezoidal and 48 point Gaussian
Quadrature respectively). The integrals in Equation (2-12) were
analytically solved for the quadratic exponential covariance functions
and the resulting expressions are in Appendix 2.
It should be noted from Figures 2-3, 2-4, and 2-5 that as the non-
dimensional area increases the value of the normalized model mean square
^ 2 2error, E[P - P] /s , asymptotically approaches that of statistically
independent samples, i.e., 1/n.
Another characteristic is that for any given nondimensional area
the exponential covariance function gives smaller mean square error
than the Bessel type covariance for all values of n. In other words
the obtained curves fall faster for the Bessel covariance function.
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Figure 2-4 illustrates the considerable difference between the
quadratic exponential (Equation 2-18b) results and the other
covariance functions. The obtained curves (for the range of areas
plotted) have three different regions. Moving down in area size we
obtain a region of very small changes in model mean square error
(shallow slope). This is followed by a very steep region where
changes in area produce large changes in model mean square error.
Finally there is a region of small areas where the curves for each n
value taper off and appear to approach zero asymptotically, which
should be the correct behavior in the small areas region for any
covariance function. In fact it appears then that the quadratic
exponential function produces the expected qualitative behavior but
much more pronounced than that of the other two functions. In the
bulk of the curves (the steep regions) comparatively much smaller mean
square errors are obtained. This is seemingly paradoxical in the sense
that the user would think that since the quadratic exponential function
mathematically decreases much faster in value than the single
exponential it would imply less correlation in space and so higher
errors (and mean square errors) in the estimation of a continuous areal
process for a given n.
The above "paradox" led to the investigation of Equation 2-18b as an
adequate correlation (covariance) function. Matern (1960) proves the
validity of the quadratic exponential as a correlation function, in
a two dimensional space, by showing it as an always positive spectra.
Nevertheless he points out some peculiar characteristics that do not
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make it very attractive. Quoting from Matern:
"The process with cov.f. exp(-v 2) is computationally easy.
However, it was thought to be "too continuous" to be real-
istic. In fact, it is deterministic along any straight
line in R2, see Karhunen (1952)."(meaning that with limited
knowledge of the past on a straight line the future can
be predicted with probability one along that line).
Interestingly enough it was found that in the very few other
2 2
places where the behavior of e a r has been studied, its undesirable
pecularities are mentioned. Yaglom (1952) says with respect to the
one dimensional equivalent of Equation 2-18b:
2
"We emphasize that the correlation function (8.28) [(eT 4]
falls off much faster than the function e , so that at
first one might think that in this case the value of E(t +T)
for large T would be less dependent on the "past" of the
process than in ..... [e-a'TJ]. However it turns out that
the situation is just the opposite"
Yaglom goes on to prove this paradox and further to show that for
2 2
a process obeying e-a r the value of the process in the future can be
approximated arbitrarily closely by a linear combination of past
values. Whittle (1954) goes as far as saying that the processes, in
two dimensions, that have exponential correlation functions are
"very artificial". He goes on to show that such functions (even e ar)
have "no divine rights" in two dimensions and that the function
br K(br) (Equation 2-18c) can be considered as the "elementary"
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correlation in two dimensions, similarly as e- atr is in one dimension.
This brief discussion has been included here because in spite of
all these arguments the quadratic correlation function is sometimes
proposed to describe two dimensional geophysical processes.
In conclusion then it seems that the advantages in the sense of
possible close form analytical solutions, offered by the quatratic
exponential correlation function, are hindered by its many undesirable
peculiarities. Most importantly, the obtained low mean space errors
due to the information extrapolation ability of Equation 2-18b are
an undesirable characteristic.
Chapter 3 will discuss another interesting result due to the
unusual behavior of this correlation function.
2.3 Mean Square Estimation Error
In Section 2.1.2 the mean square estimation error was defined
as:
02 2= EII(r P) ~]
e
substituting Equations 2-3 and 2-4,
2 =EyT_ ~T^22 = E[y f - Y f]
e - -
T ^T 2
= E[y f - f y]
T ^
= y E[(f - _ - k y (2-19)
where f is an (n x 1) vector estimate of f. The estimate is obtained
from a series of incomplete and noisy observations. These observations
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define the data collection network and are mathematically described
as
Z = H f + V (2-20)
where
Z = (m x 1) vector of noisy observations at each discrete
point in space, m < n
f = (n x 1) vector of true values of rainfall at n points, f(x ),
i = l...n as defined in Section 2.1.1
V = (m x 1) vector of white noise related and representing
instrument error
H = (m x n) matrix defining the data collection network
=for all i = ... m h.. if x. is a measurement location
0 otherwise
The following terms will also be needed in the analysis:
Y= E[ff ] = (n x n) convariance matrix of true process, called
from now on the "prior" covariance matrix
R E[VV T= (m x m) covariance matrix of white noise vector
It is assumed that f and V are zeromeanuncorrelated random variables.
One should note that the above-definition of the matrix H implies
a very sparse matrix of m rows, non-zero elements will only appear in
the column location where there is a measurement.
The form of the matrix R should be diagonal since V was defined
as an uncorrelated vector. In fact the proposed network design scheme
will allow one other form of R as it will be seen in a latter section.
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Define f as the best linear estimate of f where "best" means
the linear estimate yielding minimum mean square error matrix, in the
AT
sense that B -E[(f-L)(f-f) ] where B is any other mean square error
matrix of a linear estimator, is positive definite. The resulting
expression for f, a function of Z (Equation 2-20), is a well known
result of estimation theory (Schwepee, 1973; Deutsch, 1965) and is
given as:
HT 1 - Z)+ T (2-21)
_ -o
where
= E[f - )(f - ]= mean square error of estimation
mr= (n x 1) mean vector, assumed to be zero in this work
Z = (m x 1) vector of observations bias assumed zero
The mean square error of estimation matrix = E[(f - f)(f - f,
(many times referred to as the posterior covariance matrix) is given
by:
-l T -1 -1
E[(f - f)(f - f)] = I = [Y + H R H]
=1- T H (HT H + R) 1H 1 (2-22)
2.
The mean square error of estimation, a , is then obtained by substitut-
e
ing 2-22 into 2-19 to obtain
^ ^ 2 T -l T -l -1
E[(P - P) ] = Y [Y_ + H R H] Y
T T T -1
=X1[w_-w1H(HPH + R) R _] 1 (2-23)
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Some comments are due with respect to the linear estimator given
in Equation (2-21) (see Bras, et al., 1975)
If f and V have multivariate normal distributions, Equation
(2-21) is the absolute minimum mean square error estimator. Inter-
preted in Baysian terms where i is then a prior covariance matrix of
f, the posterior distribution (after one observation) of f would also
be normal with covariance matrix, 3 (Equation 2-22) and mean vector
f. If f and V are not normally distributed then the posterior
distribution of f is not necessarily normal and f is the best linear
estimator of f but there may be a non linear estimator with lower
mean square error. The closer the normality condition is approached the
better are the chances of having the absolute "best" estimator.
Equation (2-21) can be put in the following forms:
nT -1
f = + H R (Z - Z - H m ) (2-24a)
T T -l
= mf + T H (H T H + R) (Z - Z - H mE) (2-24b)
-f _ - - - _ - -o - -f
It is easy to see (see Bras, et al. 1975) that the best estimate
is a linear function of the "innovation vector" (Z - Z - H in);
i.e., the difference f - !2fis proportional to the deviations of the
observations from the predicted value (Z + H m. The difference
-o -~
(f -m) further depends on the matrix product i H R being larger
for smaller error covariance, R. In fact more belief is attached to
measurements statistically affected by small errors, than to unreliable
measurements. The difference (f -14) is also proportional to the
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signal to noise strength measured by matrix H, the so-called experiment
technological transfer matrix. Finally, the presence of I in Equation
(2-24a) implies that more weight is given to observations when un-
certainty in the value of f (large I) is relatively large. The
critical comparison is between T1 and H R 1 in Equation (2-22).
If error variance is small relative to variable uncertainty; i.e.,
T -l -l
H R H larger than T1 ; then actual observations are given a lot
of weight, vice-versa otherwise.
From Equation 2-22 it is obvious that if H is positive definite then
[T - Z] is at least positive semi-definite, a statement that just
implies that processing more information can not increase the un-
certainty of the process.
To conclude this section the nicest feature about Equation (2-23)
is that even though the expression of the best estimate (Equation 2-21)
depends on the observations (on the experiment results) the expression
2
for a , the mean square error of the estimation, is independent of
e
the observations. This feature will allow "a priori" estimation of
the desire measure of accuracy thereby permitting a rational network
design. Another characteristic of Equation (2-23) is that the prior
covariance matrix, T, of the vector f is not in any way restricted to
functional definitions nor to homogeneity and/or isotropic assumptions.
2
2.4 The Cross Error Term, a
me
2
The cross error term, a m, in Equation 2-9 , has been defined as,me
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2 ^
a = E[(P - P)(P - P)]
me
= E(PP) - E(PP) - E(PP) + E(PP)
Using Equations 2-1 and 2-3 we can write
(2-25)
E(PP) = E[(
1 A
1 n
= A fcov(x, x. )dx
~i A
(2-26)
which is a summation of integrals similar to the ones discussed in
Section 2.2.2, Equation (2-16).
Substitution of Equations 2-1 and 2-4 together with Equation 2-24b
(with Ef = 0) gives the second term in Equation 2-25 as
E T T T -1
E[PP] = E[P T H (H T H + _)Z]
= y TY H (H T H + R)1 E(PZ) (2-27)
Using now the expression for Z, Equation 2-20 and the fact that
f and Z are uncorrelated gives
^ T T T -E[PP] = y T H (H T H + R) {HE(Pf) + E[PV]}
= Y 1 H (H T H + R)~1 HE (Pf_) (2-28)
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f (x) dx) n f (x )]
where
E(Pf) = -
an
a, = a2...a I cov(x, x.)dx for i = 1...nn A A
Again the form and the evaluation of the elements in the (n x 1)
vector E(Pf) has been discussed in Section 2.2.2.
The third term in 2-25 is simply
T T
E(PP) = E[y f Y f]
T T
= y E[ff ] Y
= y Ty (2-29)
The last term, E[PP] can be written
^2 T T
E[PP] = Y E[ff ] y
= y E[f{IH (H P H + R)~1 Z T
= y E[f Z {TH (H T H + R) 1 TY
Substituting Equation 2-20 and again using the independence
between f and V,
^ TT T T -1iT
E[PP] = Y (_HT){TH
y T TH (HTH + R)1 [H ]TY
= yT[TH (HTH + R)~1 HT ] y
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and due to the symmetry of the covariance matrices we then have
T T T -1
E[PP] = y [TH (HYH + R) HY]y (2-30)
2
In summary, the cross error term, a 2, becomes, using Equations
me
2-26, 2-28, 2-29, 2-30,
2 1 n T T T -1
a - X cov(x, x.)dx - Y T H (H T H + R) H E(Pf)
me nA i=1 - - -
- y T'y + y [NH (HTH + R) 1HY]y (2-31)
where
E(Pf) = a1  A JA cov(x, x 1 )dx
a -A cov(x, x )dx
2.5 Optimization Algorithm
In the previous sections of this chapter it was established that
optimization of the network design would be done by minimizing Equation
2-10
2 m
O() = a (E) + C C(x.) (2-10)A A i X'1(210
over all experiments (networks) 5. This implies a search around the
possible combinations of the number of observations points, m, and the
location of these stations, x., i = 1
The costs obviously depend on the location and number of stations.
2
The components of the measure of accuracy a2 (C) were derived in the
previous three sections and the final expression is: (combining terms
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of 2-12, 2-23, and 2-31)
2 2 2 2
A m e me
_ T T T + -)1 Hf -
T T T -1
2y T_ H (H T H + R) H E(Pf) +
T T T -12y [P H (H P H + R) H P] y -
T _ T + f cov(.k, x2) dx1 dx2  (2-32)
A A
The above equation is dependent on E, the particular network,
through the matrix H as defined in Section 2-3. The optimization
procedure should be a search through the various possible forms of
H and select that one which minimizes Equation (2-10).
An exhaustive search would be possible with continuous reevaluation
of Equation 2-32. Such a search would imply not only considerable
iterations for large values of m but also mathematical and computa-
tional difficulties in the continuous need of inverting the m x m
T -l
matrix, (H T H + R) , appearing in Equation 2-32.
Federov (1972) shows that for consecutive different networks H,
the values of the first term in Equation 2-32 can be obtained iteratively
by (see Appendix 3 for derivation)
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F (I + F T ) -1FT1(2) F() ( - - + ( ) - F (1) (2-33)
where
I() = previous mean square estimation error with design
(2) = mean square estimation error with design 2)
H 2) = experiment definition matrix which differs from H(1 )
by a change of location of one station; i.e., one of
the elements in one of the rows is different
I = 2 x 2 identity matrix
The matrix F is a complex (m x 2) matrix whose structure depends
on the form of the error covariance matrix R. When R is diagonal
(uncorrelated errors), F becomes
F -. (2) (2-34)
[ (1) (2)
where
2
Th(1) = transpose of row in matrix H where change is desired
T
h2) transpose of changed row.
a = standard deviation of element of error vector V corresponding
to the station to be changed
a 2) = standard deviation of element of error vector V which
corresponds to the new station.
Veneziano (see Bras, et al. 1975) obtained an equivalent definition
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of F if R corresponds to "colored" noise of the following particular
form:
R.. = 2 = constant for all i = j
R = j 
V
2
R.. = y = constant for all i # j
Ud V2
Under these conditions F becomes
-1 -l 1/2(R )k . [(R )j ] 1/i h .
F. =
0
F.2  = h .. (R ) .Fj2 h1(2) k,
0
(R 1) . . /2
if the initial design
has a station at location
j and the new design is
at k
otherwise
if the new design has a
station E.t location j
and the old design was at
k
otherwise
The advantage of using Equation 2-33 is that it only involves an
inversion of the (2 x 2) matrix (I + FT (F)
The second and third terms of Equation 2-32 can be obtained by
using the results of Equation 2-33. Thus, from Equation
2-22 is known that
T - 2 H (H ) ) 2H) 1
- 2 -2 - (2) -(2) -(2) (2-35)
which is basically the third term in 2-32. Similarly with only one
initial inversion of the "prior" covariance matrix, T, the second term
in 2-32, is obtained by:
H2) T((2) T + R)1 H E(Pf) =(T - ) E[Pf] (2-36)
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The vector term E[Pf] in the above and the double
appearing last in (2-32) do not change with H and are
once using the ideas of Section 2.2.2.
T
The term, y TP y, does not depend on H either and
evaluated only once.
The optimization scheme to minimize equation 2-10
follows:
integral
evaluated only
needs to be
procedes as
(1) A certain discretization of the area (fix n) at hand is
defined. Non H dependent terms in 2-32 can be computed.
(2) Fix n the number of stations to be located
(3) Set an initial design, i.e., define an initial matrix, H1 ,
(m x n)
2
(4) Compute A (L) for the initial design and the corresponding
initial cost
(5) Compute initial objective function value (Equation 2-10)
(6) Going row by row (i = 1 to m) in H make changes in the
position of the non-zero element (station location).
Changes are one element at a time and changes of elements
which are non zero in other rows are not necessary since
they correspond to the same location
(7) For each variation compute the change in objective function
value. Select the design H, that gives the maximum positive
(0(1)-(oQ2)) change.
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(8) Stop, optimal experiment is at hand if none of the designs
gives a smaller objective function value than the one started
with or if positive change obtained is small enough for user
satisfaction. If none of the above is the case use the H,,
2
a , and objective function value found in step 7 as initial
design and go back to step 6. This time do not change any
element in the row changed in the last pass through the
process and that gave the maximum positive change in objective
function.
(9) If optimal for m stations was found, vary m, if desired, and
go back to step 2.
The above optimization algorithm is in summary a search moving
in the direction of highest partial gradient. Due to the dis-
continuous, discrete, form of the problem the gradient is always
defined by a difference and is limited in scope to immediate surround-
ings thus only one variable (station) is changed at a time (partial
gradient).
Federov's (1972) experience with this type of guided search was
favorable. Even though limited to one station location change at a
time he experienced very good convergence to global optima. The
author experienced some limited problems where convergence was to
local optima only. Chapter 3 will discuss these instances and offer
a satisfactory solution to them.
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Chapter 3
Areal Mean of a Rainfall Event. - A Case Study
The network design approach proposed in Chapter 2 and the
corresponding optimization algorithm have been implemented in a Fortran
computer program capable of carrying out the design process. As pro-
grammed, the network design solution offers various alternatives not
specifically mentioned in Chapter 2. Among these various options it is
relevant to mention the following:
1) The solution allows constraints on the location of ob-
servation stations. The number of allowable station loca-
tions, Z, may be less than the discretization level, n.
2) In Chapter 2 it was always assumed that the region of ob-
servations was coincident with the region over which the
areal average is desired. This is not always necessarily
the case. It is possible to define a separate or overlapping
regions of observations.
3) If desired, the option of allowing more than one station at
any particular location (grid subarea) is available. This
implies that the matrix H defining the experiment will
be allowed to have equal rows.
4) As implied in the optimization algorithm, the user has the
option of obtaining satisfactory but not optimal solutions
by defining the minimum change in objective functions he
would be satisfied with. Otherwise, the program will iterate
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until a negative change, implying a global optimum (as-
suming function is uni-modal) is found.
Appendix 4 contains a users manual and copy of the program
listing.
3.1 Case Study.
The network design approach described in Chapter 2 was tested
in a realistic, made-up, sample problem. The objective was to design
a raingage network for estimating the areal mean, of a certain type of
convective storm, over a 360 square mile area. The area is a rectangle
with 24 miles and 15 miles to its sides.
In an initial approach, the area was divided in a 3x3 grid
pattern as shown in Figure 3-1. (carresponding identification numbers
for each grid are given in the figure.) All nine discrete locations
are considered possible observation sites. The design was performed
for a level I or level II type of network, meaning that the optimiza-
tion is performed with respect to a loosely defined objective function
of the form given in Equation (2-10). The tradeoff coefficient CA
was not known with accuracy, so the generation of a transformation curve
is necessary.
The "prior" correlation matrix was assumed to be homogeneous
and isotropic and given by Equation 2-18c,
cov (r) = r b K1 (rb) (2-18c)
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8 mile
U,
0)
Total area = 360 sq. miles
Q = identification number corresponding todiscrete point defined as the center
of the grid
Figure 3-1 Diagram of test area showing discretization
and other relevant information for
9 point grid pattern
- 65 -
y
x0
0 0
0 0
o
where, as mentioned before,
r = distance between any two points in space
K1 = modified Bessel function of the second kind
The Bessel parameter, b, was given a value of 0.13. This
value corresponds to that calculated by Rodriguez and Mejia (1974a)
using data from Fogel and Duckstein (1969) corresponding to convective
storms in Arizona with a maximum center depth of 5 inches and adequate
for an area of the order of 400 sq. mi. The point variance corresponding
to the above data was 1.32 square inches (Rodriguez and Mejia, 1974a)
(diagonal error covariance matrix is used).
The measurement error variance and data collection costs asso-
ciated with each discrete point are given in Table 3-1. The error vari-
ances were assigned such as to resemble variances obtained from data
given by Morgan and Lourence (1969) for errors observed in readings of
Fisher and Porter, Standard 8-inches and USSR-GG13000 raingages, as
compared to lysimeter measurements. In doing these calculations to ob-
tain the desired ball-park figures it was assumed that the lysimeter
readings represented the true mean value, that rainfall processes were
stationary and that raingages behave similarly for different storms.
The absolute values actually assigned to each point (variations around
calculated variances) were chosen to simulate the fact that similar
raingages behave differently (have different errors) depending on lo-
cation, altitude, wind conditions, etc. (Grayman and Eagleson, 1971,
Larson and Peck, 1974, Sevruk, 1974).
The costs given vary around the values given by Grayman and
Eagleson (1971) for telemetric raingage installations (around $2000.00)
and maintenance (from $1000,00 to $2000.00 per year). Different values
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of cost were assigned to represent different location conditions.
Table 3-1
Measurement Error Variance and Cost Assigned to
Each Grid in 9 Point Discretization
Grid
Pt.
ID 1 2 3 4 5 6 7 8 9
Error
Variance 5.0 5.0 7.0 4.0 5.5 7.0 4.0 5.0 5.5
(x10 3 )
Cost 4000 2500 1500 4000 4000 2500 4100 2500 4000
($)
3.2 Results of the Analysis
The first results to be presented were obtained using the full
expression for the measure of accuracy, Equation 2-32, in the objective
function defined by 2-10. Table 3-2 summarizes the obtained results
for values of C , the tradeoff coefficient, of 10~5 and 10- The
table shows the breakdown of the measure of accuracy in the three types
of mean square errors, namely: estimation, model and cross-error term.
Throughout this work tradeoff coefficients, C., ranging from
102 to 108 were used. The tradeoff coefficient is the equivalent
mean square error per unit change of costs. With mean square error val-
ues around 0 to 1 and individual station costs of the order of $2000,
the given range of coefficients is found to be adequate in making pos-
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0Table 3-2
Full Design Results - 9 Grid Points Model
Number of
Sta-
tions
C =10~ 5 1 2 3 4 5 6 7 8
Obj ective
Function
Cost ($)
Optimal
)Design (ID's)
Mean Square
Error:
Estimation
iodel
Cross Term
Total
.1648847
6500
4,6
.0969951
.0065720
-.0036824
.0998847
.137553
11000
2,4,6,8
.0220466
.0065720
-.0010658
.0275528
.148998
12500
2,3,4,6,8
.0183342
.0065720-
-.0009079
.0239982
.184069
16500
2,3,4,6,
8,9
.0131858
.0065720.
-.0006890
.0190687
.220427
20500
1,2,3,4,6,
8,9
.0093836
.0065720
-.0005243
.0154266
.256327
24600
1,2,3,5,6,
7,8,9
.0042084
.0065720
-. 0004530,
.0103274
(Continued)
0 0 0
o
.210088
4000
5
41738550
.0065720
0103395
.1700880
.138452
7500
4,3,8
.0602530
.0065720
.0033733
.0634516
0Continuation Table 3-2
C =10 6  1 2 3 4 5 6 7 8
Objective
Function .174088 .1063847 .0592322 .0385528 .0364982 .0355687 .0354568 .0349274
Cost ($) 4000 6500 10500 11000 12500 16500 20600 24600
Optimal
Design(ID's) 5 4,6 4,5,6 2,4,6,8 2,3,4,6,8 2,3,4,6, 1,2,3,6,7, 1,2,3,5,6
8,9 8,9 7,8,9
Estimation .1738550 .0969951 .0435945 .0220466 .0183342 .0131858 .00914973 .00420837
Model .0065720 .0065720 .0065720 .0065720- .0065720' .0065720 .0065720 .0065720
Cross Term -.0103395 -.0036824 -.0014342 -.00010659 -.0009079 -.0006891 -. 00086490 -.00045295
Total .170088 .0998847 .0487322 .0275528 .0239982 .0190687 .0148568 .0103274
0 9 0
sible network costs and variances compatible in magnitudes.
From Table 3-2, one can observe differences in design for the
two different tradeoff coefficients. Different optimal designs are ob--
tained in locating 3 stations and in locating 7 stations.7ith C =10~6
costs are weighted less and the solution favors minimizing mean square
error with more expensive alternatives. Using the optimal designs given
in Table 3-2 together with Figure 3-1, it is clear that solutions are not
obvious but are consistent and logical. For example, the solution for
3 stations with C -10~ is to place stations in grid points 4,5,6.
With C =10 , as was mentioned before, accuracy is given more attention
and the above solution is the one that minimizes the distance between
observed and unobserved locations, a solution which is consistent with the
idea of maximizing accuracy (minimizing mean square error). Arguments
like the above one are dangerous, though, in that they ignore instrument
noise and costs that the program solution takes into account.
Figures 3-2 and 3-3 show graphically part of the results in
Table 3-2. Figure 3-2 is a plot of objective function value vs. number
of stations (it also gives optimal station location) for C =10 . For
that trade-off coefficient, a minimum objective function was achieved
with four stations at locations 2,4,6, and 8.
In Figure 3-3 for C =10 , no minimum was achieved since the
plot of objective function vs. number of station was seemingly still
slowly going down at the last point for 8 stations. Such results imply
that the users discretization (in this case 9 points) is not adequate.
A finer discretization would allow more stations and would lead to an
optimal solution in a plot of objective function vs. number of stations.
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Following the above idea, the area of interest was divided
into an 18 point rectangular grid as shown in Figure 3-4. Again dimen-
sions and identification numbers are shown. The data of this new model
corresponds spatially to that of the 9 point grid as shown in Table
3-3.
Grid
Pt.
ID
Table 3-3
1 2 3 4 5 6 7, 8 9
Error
Variance 5.0 5.0 5.0 5.0 7.0 7.0 4.0 4.0 5.5
(x10 3 )
Cost
($) 4000 4000 2500 2500 1500 1500 4000 4000 4000
Grid Pt. ID 10 11 12 13 14 15 16 17 18
Error
Variance 5.5 7.0 7.0 4.0 4.0 5.0 5.0 5.5 5.5
(x10-3 )
Cost
($) 4000 2500 2500 4100 4100 2500 2500 4000 4000
Table 3-4 shows the network design results with C =10 and
the 18 point grid model. Again the total mean square error is broken
down to its different components.
The reader should first note the similarity of solutions (same
general pattern) between the 9 point and 18 point grid models. Varia-
tions only occur in the solutions for 3 and 7 stations. Notice too the
similarity of the objective function values.
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1 1 I
4 7@ 10
I0 II
Q@ @0@
4 miles
Total area = 360 sq.miQ 1identification number corresponding to discrete point
defined as the center of the grid
Figure 3-4 Diagram of test area showing discretization and
other relevant information for 16 point grid pattern
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Full Design Results
Table 3-4
- 18 Grid Points Model, CA=10-6
Number of
Stations
Obj ective
Function
Cost ($)
Optimal Des.
Estimation
Model
Cross Term
Total
1
.2193950
4000
9
.1816210
.0014417
.0036677
.1793950
2
.0773306
6500
8 11
.0699075
.0014417
-.0005186
.0708306
3
.0590817
10600
2 11 14
.0477573
.0014417
-.0007173
.0484817
4
.0429734
11000
3 7 11 15
.0309776
.0014417
-.0004459
.0319734
7
.0335077
20500
3 5 7 9 12
15 17
.0117859
.0014417
-.0002199
.0130077
8
.0343790
24600
1 3 5 9 12
13 15 17
.0069176
.0014417
-.0003545
.0097790
0 0 0
Number of
Stations 9 10 12 14 16
Objective
Function .0348293 .0347238 .0383833 .0447665 .0518020
Cost ($) 26100 28100 33100 41100 49200
Optimal Des. 1 3 5 6 8 1 3 5 6 8 11 1 3 4 5 6 8 1 3 4 5 6 8 1 2 3 4 5 6
11 13 15 17 13 15 16 18 11 12 13 15 10 11 12 13 7 9 11 12 13
16 18 15 16 17 18 14 15 16 17 18
Estimation .0074766 .0053941 .0040311 .0023201 .0012462
Model .0014417 .0014417 .0014417 .0014417 .0014414
Cross Term -.0001890 -.0002120 -.0001895 --0000953 -.0000859
Total .0087293 .0066238 .0052833 .0036665 .0026020
Figure 3-5 is a plot of the results given in Table 3-4, again
objective function value vs. number of stations. This time, the curve
corresponding to C =106 , achieves a minimum at 7 stations.
The results given in Tables 3-2 and 3-4 give considerable in-
sight with respect to the relative importance of the various terms in the
total mean square error. For a covariance function of the Bessel type,
the cross term component of the mean square error is always negative.
This implies a reduction in the sum of estimation and model mean square
errors which, in turn, implies that a straight sum of the latter two will
produce some double counting of error. As apparent from Equation 2-31,
the cross term depends strongly on the degree of discretization and the
magnitudes of the event covariance matrix, , and the error covariance
matrix R. The obtained results show that indeed the cross term of the
18 point grid sample is consistently smaller than that of the 9 point
grid sample. It can also be concluded, that for the problem at hand,
this term is smaller than the estimation error term, the difference
being close to an order of magnitude.
The mean square model error behaves as discussed in Chapter 2,
it is smaller for finer discretization and it is constant once the dis-
cretization is fixed. It remains smaller than the estimation error
term except for large numbeis of stations when they become of the same
order. Relative to the cross term, the model error term is larger (in
absolute value) except in the case of very small number of stations;
i.e. one station in the case of the problem at hand. Actually, there is
a region where the cross and model terms are of the same order and there-
fore tend to cancel their effect on the total mean square error.
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From the above comments, the author concludes that the estima-
tion term of the total mean square error dominates the design procedure
for most cases of interest, i.e. cases where the number of stations to
be allotted is small relative to the area to be monitored. For large
number of stations, the cross term remains small but the model term ap-
proaches or may excede the value of the estimation term. Even in this
case , the designing with only the estimation error criteria may be suf-
ficient if the grid pattern over the area is fixed (then the model error
term is constant). The validity of this assumption not only reduces
computation effort but eliminates any restrictions of isotropy or homo-
geneity in the process covariance. As it was said in Chapter 2, the
estimation error term accepts any matrix covariance formulation.
With the above comments in mind, the next section will present
the full network design exercise for the area defined in 3.1 using the
mean square estimation error as the sole measure of accuracy.
3.3 Solution to Example Problem-Estimation Error Criteria
In the previous section it was concluded that network design
based only on the mean square estimation error, ELP P2, seemed ade-
quate for most cases of interest. This section presents the complete
network design exercise for the area given in Figure 3-1 and described
in Section 3-1. The correlation matrix of the storm event was generated
with a Bessel function of the type given in Equation 2-18c. The function
parameter, b, again had a value of 0.13. Table 3-5 presents the design
results and gives values of mean square estimation error (M.S.E.E.), cost
and objective function for the various designs.
- 78 -
0 0 0
Table 3-5
Example Problem Results - Estimation Error Accuracy Criteria
Tradeoff
Coeffi-
Numbe ent
of CA
Stations
1
M.S.E.E.
Cost
Obj .Fct.
Design
10 8
0.170395
4000.00
0.170435
(5)
10
0.170395
4000.00
0.170795
(5)
10
0.170395
4000.00
0.174395
(5)
10 5
0.170395
4000.00
0.210395
(5)
10 4
0.268429
2000.00
0.468429
(8)
10 3
0.385661
1500.00
1.88566
( 3)
-2
10
0.385661
1500.00
15.3857
(3)
I M.S.E.E. 0.0950643 0.0950643 0.0950643 0.0950643 0.152369 0.152369 0.152369
2 lCost 6500.00 6500.00 6500.00 6500.00 3500.00 3500.00 3500.00
Obj.Fct. 0.0951293 0.0957143 0.101564 0.1600643 0.502369 3.65237 35.1224
Design (4,6) (4,6) (4,6) (4,6) (3,8) (3,8) (3,8)
M.S.E.E. 0.0427269 0.0427269 0.0590538 0.0906889 0.0906889 0.0906889
3 Cost 10500.00 10500.00 7500.00 6000.00 6000.00 6000.00
Obj.Fct. 0.0437769 0.0532269 0.134054 0.690689 6.09069 60.0907
Design (4,5,6) (4,5,6) (3,4,8) (2,3,8) (2,3,8) (2,3,8)
M.S.E.E. 0.21608 0.021608 0.021608 0.021608 0.0754264 0.0754264 0.0754264
4 Cost 11000.0 11000.00 11000.00 11000.00 8500.00 8500.00 8500.00
Obj.Fct. 0.021718 0.022708 0.032608 0.131608 0.925426 8.57543 85.0754
Design (2,4,6,8 (2,4,6,8) (2,4,6,8) (2,4,6,8) (2,3,6,8) (2,3,6,8) (2,3,6,8)
0 0 0 0 0
0 40 0 0
Table 3-5, continued)
No.
of
Stat
Trade-
off
Coeff.
CA
10 8
-7
10
-6
10
-5
10
- 4
10 0-
3
-2
10
M.S.E.E 0.0149835 0.0149835 0.0179693 0.017969 0.0179693 0.0179693 0.0179693
Cost 17600.00 17600.00 12500.00 12500.00 12500.00 12500.00 12500.00
5 Obj.Fct 0.0151595 0.0167435 0.0304693 0.142969 1.26797 12.5180 125.018
Design (1,3,5,7, (1,3,5,7, (1,3,4,6, (2,3,4,6, (2,3,4,6, (2,3,4,6, (2,3,4,6,
9) 9) 8) 8) 8) 8) 8)
M.S.E.E 0.0129235 0.0129235 0.0129235 0.0129235 0.0129235 0.0129235 0.0129235
Cost 16500.00 16500.00 16500.00 16500.00 16500.00 16500.00 16500.00
6 Obj.Fct 0.0130895 0.0145735 0.0294235 0.177924 1.66292 16.5129 165.013
Design (2,3,4,6, (2,3,4,6, (2,3,4,6, (2,3,4,6, (2,3,4,6, (2,3,4,6, (2,3,4,6,
8,9) 8,9) 8,9) 8,9) 8,9) 8,9) 8,9)
M.S.E.E 0.00761317 0.00761317 0.00896766 0.00919695 0.00919695 0.00919695 0.00919695
Cost 22100.00 22100.00 20600.00 20500.00 20500.00 20500.00 20500.00
Obj.Fct 0.00783417 0.00982317 0.0295677 0.214197 2.05920 20.5092 205.001
Design (1,2,3,5, (1,2,3,5, (1,2,3,6, (1,2,3,4, (1,2,3,4, (1,2,3,4, (1,2,3,4,
7,8,9) 7,8,9) 7,8,9) 6,8,9) 6,8,9) 6,8,9) 6,8,9)
M.S.E.E 0.00400528 0.00400528 0.00400528 0.00400528 0.00621678 0.00621678 0.00621678'
Cost 24600.00 24600.00 24600,20 24600.00 24500.00 24500.0 24500.00
8 Obj.Fct 0.00425128 0.00646528 0.0286053 0.250005 2.45622 24.5062 245.006
Design (1,2,3,4, (1,2,3,4, (1,2,3,4, (1,2,3,4, (1,2,3,4,5, (1,2,3,4,5, (1,2,3,4,5,
6,7,8,9) 6,7,8,9) 6,7,8,9) 6,7,8,9) 6,8,9) 6,8,9) 6,8,9)
0
! i
I
00
C
i
Since the value of the tradeoff coefficient is not exactly
known, results are presented for C =0 "8 10 7 '1-' , 10 , 10 ,
10- 2. The reason for this range of weights was explained at the begin-
ning of Section 3-2. Notice that weights in the lower range (10 8) give
very little importance to cost while in the higher -range (10- ) cost
becomes the dominant factor. Additionally, Table 3-6 shows results ob-
tained in locating 3 stations using trade-off coefficients varying from
5-5
lxlO to 9x10
Figures 3-6, 3-7 and 3-8 show the results in plots of objec-
tive function value versus number of stations. It must be emphasized
that these are plots of optimal solutions, for each number of stations
the plotted point represents the design giving the minimum objective
function value. The observation locations are given in parenthesis.
-2
It is clear that for trade-off coefficients, CA, between 10
to 10-, the optimal solution is to locate only one station; for CA's
of 10-2 and 10-3 , a station at location 3, for C=10 , a station
A
at location 8. A decision maker who can define his C in this range of
values has definite design guidelines.
-5
For a trade-off, C , of 10 Figure 3-7 shows that the
minimum objective function value is achieved with four stations at loca-
tions 2, 4, 6 and 8.
With tradeoff coefficients of 10"' , 10~ and 10- , the
decision is unclear since no definite minimum objective function is
achieved. As discussed in Section 3-2, this implies that the area of
interest should be subdivided into a finer grid. This was done in the
previous section (using the full measure of accuracy) and the results
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Table 3-6
Results for the Location of Three Stations
TrdofOtmlDein Cs 
$ 
-SEE b ct
Coeff icient Function
1. oxo~5
2.0x10 5-
3.0x10~ 5
4. 0x10~ 5
5. 0x10~ 5
6.0x10~ 5
7. 0x10~ 5
8.0x10- 5
9.0x10-5
3,4,8
3,4,8
2,3,8
2,3,8
2,3,8
2,3,8
2,3,8
2,3,8
2,3,8
7500
7500
6000
6000
6000
6000
6000
6000
6000
.0590538
.0590538
.0906889
.0906889
.0906889
.0906889
.0906889
.0906889
.0906889
.134054
.209054
.270689
.330689
.390689
.450689
.510689
.570689
.630689
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Figure 3-6 Objective function versus number of
stations for C =1O 2 and C =10 3
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have been shown in Figures 3-3 and 3-5. A minimum of 7 stations at loca-
tions 3, 5, 7, 9, 12, 15, and 17 (see Figure 3-5) was obtained for
~-6
C A=10"
An alternative presentation of the results in Table 3-5 is a
plot of mean square error of estimation vs. cost. This corresponds to
the previously mentioned transformation curve. Figure 3-9 is such a cur-
ve for the example problem at hand. It is constructed by plotting the
optimal solutions obtained for each number of stations. Thus, this curve
eliminates non-optimal points (points to the northeast relative to others).
It must be kept in mind that even though Figure 3-9 is referred to as a
curve it consists of a step function of discrete points. The decision
maker with completely undefined utility function can approach the design
problem by entering the given aggregate curve with a budget or accuracy
constraint. Given one, the curve will provide the optimal design for
that constraint and the corresponding value of the alternate objectives.
Used together with Table 3-5, the decision maker can obtain the inherent
tradeoff he is giving to cost and accuracy and the value of the linear
objective function with that tradeoff. His relative position relative
to other possible solutions is then also available. Since Figure 3-9
is a step function, the user must enter the graph through the smaller
plotted point closest to his constraints.
3.4 Sensitivity Analysis
The network design method previously presented depends on two
basic inputs; the prior covariance of the process to be monitored and
the costs of observations. In usual situations, most input uncertainties
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are on the definition of the covariance structure.
Sensitivity of the network design method to the covariance
definition was studied with the previously discussed example problem by
varying the following:
1) value of the point variance
2) covariance function parameter
3) form of covariance function.
3.4.1 Effects of Varying Point Variance
With a fixed tradeoff coefficient of C =10 , the example
A
problem previously described was solved with a Bessel covariance function
but with point variance values of 0.5, 2.5 and 5.0 (instead of 1.32)
square inches. Results are given in Table 3-7.
For point variances of 2.5 and 5.0, the results show that the
objective function achieves a minimum with four stations at locations
2, 4, 6 and 8. This is the same solution as was obtained with a 2 = 1.32
p
as seen in Table 3-5. In fact, the only difference produced in the network
by larger point variances occurs in the three station case. With a lar-
ger point variance, the method opted for a more expensive but more accu-
rate solution.
The results obtained with a point variance of a 2 = 0.5
p
differed considerably from those with a 2= 1.32. The minimum objective
function value was 0.0914 obtained with two stations at locations 2 and 8.
Design3 equal tothe solution of the 1.32 point variance problem were ob-
tained in locating 1, 5, 6 and 7 stations. When dealing with low point
variance, optimization is dominated by costs,resulting in general in
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0Table 3-7
Results of Point Variance Sensitivity - C =10-5
Number of
Sta-
2 . ion 1 2 3 4 5 6 7 8
=0.5
M.S.E.E. .0657619 .0587788 .035146 .0292823 .0074220 .0054248 .0039547 .0027520
Cost ($) 4000.00 4500.00 6000.00 8500.00 12500.00 16500.00 20500.0 24500.0
Objective .1057619 .0913869 .0951546 .114886 .1324210 .170425 .2089550 .2477520
Function
Design (5) (2,8) (2,3,8) (2,3,6,8) (2,3,4 (2,3,4,6, (1,2,3,4, (1,2,3,4,5,
6,8) 8,9) 6,8,9) 6,8,9)
G 2=2.5 1 2 3 4 5 6 7 8
p
M.S.E.E. .3209510 .1782840 .0797241 .0398959 .0331442 .0237122 .0167385 .0069892
Cost ($) 4000.00 6500.00 10500.00 11000.00 12500.0 16500.0 20500.0 24600.0
Objective
Function .3609500 .2432890 .1847240 .1498960 .1581440 .1887120 .2217380 .2529840
Design (5) (4,6) (4,5,6) (2,4,6,8) (2,3,4,6,8) (2,3,4,6, (1,2,3,4, (1,2,3,4,6,
8,9) 6,8,9) 7,8,9)
(Continued.)
0 0 0
I0
0(Continuation)
C
0 0
C2 =5.0 1 2 3 4 5 6 7 8
p
M.S.E.E. .6399116 .3545930 .1581050 .0786399 .0652932 .0465686 .0151000 .0132949
Cost ($) 4000.00 6500.00 10500.00 11000.00 12500.00 16500.00 20500.00 24600.00
Objective .679916 .419593 .263105 .188640 .190293 .211569 .237710 .259295
Function
Design (5) (4,6) (4,5,6) (2,4,6,8) (2,3,4, (2,3,4,6, (1,2,3,4, (1,2,3,4,6,
6,8) 8,9) 6,8,9) 7,8,9)
network schemes which heavily weight the low cost principle, since the
natural variability of the process is not very large to start with.
Generalization from the above limited sensitivity analysis
is difficult but several concepts can be stated with a fair amount of
confidence at least for the example at hand.
1) For a tradeoff coefficient, C =10 , accuracy considerations
are very important. While more than doubling point variance caused no
major design changes, implying existing accurate solutions,halving it caused
serious modifications. At this point costs became critical.
-4 -2
2) When costs are weighted more, i.e. C =10 .. .10 , solu-
tions are more sensitive to a 2 increases than to point variance reduc-
tions.
-6 -8
3) When costs are weighted less, i.e. C = 10 ... 10 , solu-
tions are fairly insensitive to a 2 variations unless dealing with
p
very large decreases.
4) From the above comments it seems that C =10-5 is the trade-
off coefficient which gives the most sensitive solutions to changes in
the point variance of the precipitation process. As discussed before,
point variance decreases of more than 100% can cause noticeable changes
in results. The author speculates though that minor changes will occur
with more reasonable variations.
3.4.2 Sensitivity to Covariance Function Paramneter
The original example problem had a Bessel covariance func-
tion with a parameter b = 0.13. Sensitivity tests were performed
with b = 0.06, 0.1, 0.2 and 0.26. Results appear in Table 3-8.
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Table 3-8
Number of
Stations
b=0.06
Results of Covariance Function Sensitivity Tests, CA=10~ 5
1 2 3 4 5 6 7 8
M.S.E.E 0.0764665 0.0461675 0.0184401 0.0123128 0.0056372 0.0040337C 0.00301876 0.00233987
Cost ($) 4000.00 4500.00 7500.00 10000.00 12500.00 16500.00 20500.00 24500.00
Obj.Funct. 0.116466 0.0911675 0.0934401 0.112313 0.1306372 0.169034 0.208019 0.247339
Design (5) (2,8) (3,4,8) (3,4,6,8) (2,3,4, (2,3,4, (1,2,3,4, (1,2,3,4,
6,8) 6,8,9) 6,8,9) 6,8,9)
b=0.l 1 2 3 4 5 6 7 8
M.S.E.E. 0.137454 0.0686403 0.0410344 0.0145402 0.0121395 0.00868005 0.00627473 0.00278034
Cost ($) 4000.00 6500.00 7500.00 11000.00 12500.00 16500.00 20500.00 24600.00
Obj.Funct. 0.177454 0.13364 0.116034 0.12454 0.137139 0l173680 0.211275 0.24878
Design (5) (4,6) (3,4,8) (2,4,6,8) (2,3,4, 2,3,4,6,8, 1,2,3,4,6, 1,2,3,4,6,
6,8) 9 8,9 7,8,9
b=0.2 1 2 3 4 5 6 7 8
M.S.E.E. 0.204691 0.135345 0.080954 0.0392072 0.0322473 0.023486 0.0162927 0.0071895
Cost ($) 4000.00 6500.00 8500.00 11000.00 12500.00 16500.00 20500.00 24600.00
Obj.Funct. 0.244691 0.200345 0.165954 0.149207 0.1572473 0.188486 0.221293 0.253219
Design (5) (4,6) (4,6,8) (2,4,6, (2,3,4,6, (2,3,4,6, (1,2,3,4, (1,2,3,4,
8) 8) 8,9) 6,8,9) 
_6, 7 ,8, 9)
b=0.26 1 2 3 4 5 6 7 8
M. S. E. E.
Cost ($)
Obj.Funct.
Design
0.20465
4000.00
0.24465
(5)
0.144439
6500.00
0.209439
(5,6)
0.0946131
8500.00
0.179613
(4,6,8)
0.0526997
11000.00
0,162699
(2,4,6,
8)
0.0429700
12500.00
0.167970
(2,3,4,6,
8)
0.0315463
16500.00
0.196546
(2,3,4,6,
8,9)
0.0215734
20500.00
0.226573
(1,2,3,4,
6,8,9)
0.00985107
24600.00
0.255851
(1,2,3,4,
6,7,8,9)
0 0
t'Q
The tradeoff coefficient in this analysis is C =10,5
The results of Table 3n8 can be discussed nearly in the same
context as those in the previous section. Small parameters b imply
high spatial correlations which in turn imply good extrapolation ability
(less M.S.E.E.), effectively reducing variance. The inverse is similar-
ly true.
Major changes in design are observed when the value of b is
reduced to 0.06 from the previously used 0.13 A minimum objective func-
tion is achieved with two stations at sites 2 and 8. A different solu-
tion is also found for four stations. As for the low point variance
case, the optimal results are relatively less costly implying a domi-
nating costfactor due to the increased extrapolation ability.
With b = 0.1, individual solutions for the various numbers
of stations do not differ from the original example. The minimum ob-
jective function, though, is achieved with three instead of four sta-
tions at locations 3, 4 and 8.
For larger values of b = 0.2 and 0.26, minimum objective
function values are achieved with four stations at 2, 4, 6 and 8 as
originally with b = 0.13. Individual differences occur, though, with
3 stations and 2 and 3 stations respectively with solutions favoring
higher cost - more accurate alternatives.
As in Section 3.4.1, it can be concluded that most of the
appreciable changes occur with reductions in b implying strong accu-
racy considerations when C =10 . Variations in C should result in
the same situations discussed in the previous section. With close to
25% reduction in b'(=0.1), no individual optimization changes occurred
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and the minimum objective function only shifted from four to three
stations,
3.4.3 Sensitivity to Covariance Function Form
All the previously discussed tests were based on a covariance
described by a Bessel function of the form given by 2-18c. It was seen
in Chapter 2 that the covariance function form implied considerable dif-
ferences in the mean square model error. Sensitivity of the design pro-
cedure to this different covariance function form warrants study.
The design procedure of the 9 point grid example problem was
repeated using an exponential and quadratic exponential expressions (see
Equations 2-18a and 2-18b) for the covariance function. The functions
have parameters 0.08 and 0.009 respectively.
These values give the same correlation radius, i.e. that
distance at which the function becomes 0.5, as the Bessel function with
a 0.13 parameter. Results of the design with the new covariance forms
(point variance is kept at 1.32) and both with mean square estimation
error and full accuracy criteria are given in Table 3-9. The tradeff
coefficient, C , was assumed to be 10 5.
Interestingly enough, the results obtained using full measure
of accuracy and the limited estimation error criteria were the same,
differing only very slightly for the design for 8 stations with a single
exponential covariance function. These results further strengthen the
comments in Section 3.2 with respect to the use of the mean square esti-
mation error as measure of accuracy.
Furthermore, the form of the covariance function seems to
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Table 3-9
Sensitivity to Correlation Function Form, C =10-5
Single Exponential U=0.08 - Full Measure of Accuracy
Number of 1 2 3 4 5 6 7 8Stations
Objective
Function 0.253891 0.193850 0.169204 0.165089 0.172103 0.204729 0.237521 0.270848
Cost ($) 4000.00 4500.00 7500.00 11000.0 12500.0 16500.00 20500.00 24600.00
Optimal (5) (2,8) (3,4,8) (2,4,6,8) (2,3,4,6, (2,3,4,6, (1,2,3,4, (1,2,3,5,
Design 8) 8,9) 6,8,9) 6,7,8,9)
Mean Sq.Error:
Model 0.0188939 0.0188939 0.0188939 0.0188939 0.0188939 0.0188939 0.0188939 0.0188939
Estimation 0.218001 0.146091 0.0827027 0.0397896 0.0315609 0.0231323 0.0148909 0.00664084
Cross Term -0.0230048 -0.0161356 -0.0073926 -0.00438272- .0033523. -0.0022968 -0.0012642 -0.00068653
Total 0.213891 0.148854 0.0972041 0.0543009 0.0599629 0.0397293 0.0325721 0.0248482
Quadratic Exponential =0.009 - Full Measure of Accuracy
Number of 1 2 3 4 5 6 7 8
Stations
Objective 0.166281 0.1367833 0.117889 0.117824 0.132077 0.169774 0.209076 0.248072
Function
Cost ($) 4000.00 6500.00 7500.00 11000.00 12500.00 16500.00 20500.00 24600.00
Optimal Des. (5) (4,6) (3,4,8) (2,4,6,8) (2,3,4,6, (2,3,4,6, (1,2,3,4, (1,2,3,4,
Mean Sq.Error: 8) 8,9) 6.8,9) 6,7,8,9)
Estimation 0.128034 0.0721541 0.0445916 0.0068341 0.0054705 0.0035816 0.0030158 0.0013903
Model 0.000945 0.0009459 0.0009459 0.0009459 0.0009459 0.0009459 0.0009459 0.0009459
Cross Term -0.002698 -0.0025728 -0.0026482 +0.0007949 ).0006605 +0.0002463 +0.0001145 -0.0002640
Total 0.126281 0.0705272 0.0428894 0.0078242 0.0070767 0.004777 '0.0040763 0.0020723
0
U-1
0 0
Table 3-9 (Cont.)
Single Exponential a=0.08 - Estimation Error Accuracy Criteria
Number of 2 3 4 5 6
Stations
M.S.E.E. 0.213663 0.143184 0.0810570 0.0389978 0.0309328 0.0226719 0.0145945 0.00630513
Cost 4000.00 4500.00 7500.00 11000.00 12500.00 16500.00 20500.00 24600.00
Obj.Funct. 0.253663 0.188184 0.156057 0.148998 0.1559328 0.1876719 0.2195945 0.25230513
Optimal Des. (5) (2,8) (3,4,8) (2,4,6,8) (2,3,4,6, (2,3,4,6, (1,2,3,4, (1,2,3,4,6,
8) 8,9) 6,8,9) 7,8,9)
2Quadratic Exponential a =0.009 - Estimation Error Accuracy Criteria
Number ofI
Numeios 1 2 3 4 5 6 7 8Stations 
____ 
_ 
_ __ 
_ __ 
_I
M.S. E.E.
Cost
Object.
Funct.
Optimal Des.
0.0437043
7500.00
0.118704
(3,4,8)
0.00596235
11000.00
0.115962
(2,4,6,8)
0.00536162
12500.00
0.130362
(2,3,4,6,
8)
0.00351031
16500.00
0.168510
(2) , 3 , 6( ,9,6,
8,9)
0.00295584
20500.00
0.00136270
24600.00
0.2079558410.247363
(1,2,3,4,
6,8,9)
(1,2,3,4,6,
7,8,9)
1. _____________ 1 _____________ 1
0 0 0
a'
0.125486
4000.00
0.165486
(5)
0.0707183
6500.00
0.1357183
(4, 6)
have relatively minor effects in this example. Comparing the full
measure of accuracy results of Table 3-9 with those of Table 3-2, it is
observed that the single exponential differed from the Bessel solution
only in the location of 2 stations, the former gave a 2,8 solution, the
latter a 4,6 solution. The quadratic exponential only differed in lo-
cating 8 stations; i.e., solution 1, 2, 3, 4, 6, 7, 8, 9, instead of
1, 2, 3, 5, 6, 7, 8, 9. Most important though is that for all cova-
riance functions a minimum objective function was achieved with 4 ob-
servations at sites 2,4,6 and 8.
Similarly, the comparison of the estimation error criteria
results with those of Table 3-5 yielded the same differences as above
in the location of 2 stations for the single exponential covariance
function and no differences between the quadratic exponential and Bessel
solutions. Again an objective function minimum was achieved with 4
stations in sites 2,4,6 and 8.
The above comments have considerable importance in light of
comments by Rhenals et al (1974), who argues that there is considerable
difficulty in defining a unique covariance function for a given set
of data.
A curious result of Table 3-9 is the fact that the cross
term in the mean square error expression for the quadratic exponential
covariance function takes positive values in some cases. As mentioned
in Section 3.2, the cross term in the mean square error expression is
negative when using Bessel or single exponential representation for co-
variance. This implies a negative correlation between estimation error
and model error and therefore a reduction from the total variance if
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they were independent. Using a quadratic exponential covariance func-
tion, small positive cross terms are observed. These imply a positive
correlation between model and estimation errors. This unusual behavior
adds to the list of those discussed in Chapter 2 with respect to the
quadratic exponential covariance function. A simple logical explanation
is not apparent. It should be related, though, to the fact that due
to the unusual extrapolation ability of this covariance function the
error in spatial estimation (extrapolation) becomes very similar to the
model error where all points are assumed perfectly known.
Before ending this section, a brief comment is appropriate
to explain the seemingly inconsistent difference between the mean square
estimation error of the full and partial measure of accuracy solutions
in Table 3-9 (also between Tables 3-2 and 3-5). The small differences
are due to different degree of accuracy in the input data used.
3.5 Brief Comments and Comparison to Other Recent Network Design
Schemes.
Rodriguez-Iturbe and Mejia (1974a) attacked the problem of
finding the necessary number of stations to obtain a certain level of
accuracy. Their solutions involved the following conditions:
1) Sampling techniques are random or stratified random.
Random implies complete aliatory location of stations
over the whole region. Stratified sampling implies ran-
dom location of observations within fixed specified
strata (see Rodriguez-Iturbe and Mejia, 1974a).
2) Their measure of accuracy is the mean square error defined
- 98
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M.S.E. = E J f(x)dx - - f ) (3-1)A - - n .
A
3) The covariance of the process must be a functional form and
the process is isotropic and homogeneous.
4) No consideration is given to instrument error or cost.
Under the above conditions they derived expressions for the
mean square error of the two mentioned sampling schemes. Figures 3-10
and 3-11 give the graphical representation of the obtained solutions
for a covariance function of the Bessel type. The M.S.E. is given as
a function of the undimensional area Ab2 and the number of stations,
n. A network designer would fix his desired measure of accuracy and
just read-off the needed number of stations.
The network design procedure proposed in this work has
some advantages over the above in that it gives a spatial arrangement
of stations besides the optimal number and it does so considering mea-
surement noise and costs. Also in giving a specific network geometric
design, the herein proposed method obtains smaller mean square error
than with a random or stratified random criteria. This can be easily
seen by comparing results of Table 3-2 with those in Figures 3-10 or
3-11. For example, with 3 stations and a 105 weight, the proposed
method obtains a total mean square error of about 0.06 including in-
strument error. This would require a variance reduction factor of about
0.043(0.06/1.32) which from Figures 3-10 and 3-11 would require on
the order of 12 stations with a random sampling approach and 5 stations
with a stratified sampling system (Ab2~ 6).
In his more recent work, Lenton et al (1974) suggest
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that Rodriguez-Iturbe and Mejla's work could be extended by distributing
the obtained number of stations, n, as to minimize cost. Nevertheless it
is necessary to point out that if this is done, the resulting spatially
defined network will have a corresponding mean square error differing
from the one given by Rodriguez and t4ejia. The designer will again find
himself with no knowledge of the accuracy of his final result. It may
be argued that the resulting mean square error will be smaller than the
previously predicted. This will be generally true unless the cost mi-
nimization yields solutions involving large, unaccounted measurement
errors.
This work by Lenton et al (1974) approaches the network design
problem in two stages: a data collection stage and a data analysis
stage.
The first stage is a multi-dimensional, spatially continuous, non-
linear mathematical optimization of an objective function of the form
of Equation (2-6) where the measure of accuracy is given by a mean
square error, given by Equation (2-12),modified by an added linear term
of measurement error variance. Equation (2-12) then looks like:
M.S.E. = p1p. coy (x.,x.) 1 [ cov (x 1 ,x ) dxdx
i=1 i=1 A2 A fA
n rn
- cov(x ,x.) dx + p. 2C 2 (X.)
nA . -1 -i . i v -i (3-2)1=1 fA i=1
where
a 2 (x.) = variance of measurement error at point x..
v -1 
-_
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The optimization of the objective function is done, together
with Equation 3-2, continuously in space to find for a given n and
the optimal locations, x. , i =1 ...n. The value of n is varied
and for each optimization the weights p s are fixed, usually at 1/n.
The second stage, the data analysis stage, consists of op-
timizing the weights, p,, for the obtained network. This is done by
one of the available interpolation methods (see Lenton et al, 1974,
Chapter 5).
This second stage is necessary in Lenton's approach becauseof
the mathematical difficulties in optimizing, in one path, with respect
to n, x., and p. (i=l...n). The two stage approach, although realistic
and simple in practice, will not necessarily lead to a global optimum
in the design.
Lenton's methodology requires a functional definition of the
covariance . Conditions of isotropy and homogeneity are theoretically
not required but no attempt has yet been made to develop the full ma-
thematical formulation.
A comparison of the design method proposed in this work with
that of Lenton can be summarized in the following comments:
1) The proposed work, using the estimation error measure of
accuracy, does not require homogeneous and isotropic assump-
tions in the rainfall process. Also only a matrix (discrete)
covariance form is needed instead of a continuous functional
form.
2) The spatial continuity of Lenton's approach requires con-
tinuous definition of costs and measurement errors. The
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highly discrete, discontinuous nature of these variables
makes such a "surface fitting" difficult, limiting and maybe
undesirable. The hereby suggested formulation allows con-
siderable flexibility in costs and measurement errors. Even
correlated measurement errors could be considered with minor
technique modification.
3) As pointed out by Lenton (1974), there are two aspects to net-
work design: (1) the design of a new network, and (2) the
modification of an existing network. "The theoretically correct
way to treat the problem Lof modification] would be to reflect
the existence" of raingages in the cost function, i.e.,
existing raingages could have a negative cost to take into
account - the cost of dismantling. The methodology presented
here, maybe with some constraints, would permit the simulta-
neous addition or subtraction of raingages. This is a feasible
approach in the discrete multivariate approach.
4) Another difference lies in the fact that optimization is done
in one step yielding global optima for the problem at hand
in terms of the number of stations, location and appropriate
weights.
Combining Equations 2-21 and 2-4 (for zero mean process)
results in:
S T T -P = Y H R Z (3-3)
where j and R are given and previously defined in Chapter 2,and Z and
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H result from the optimization. It is clear that the weights on the ob-
servations, vector Z, are given by:
T T -i
STZ H TR (3-4)
These weights are those yielding the minimum mean square error (for a
linear estimate).
The reader may correctly argue that in reality the storm is
a non-zero mean process and so the correct weights are given by Equation
2-24b, which is repeated here:
= f + VHT (H H + R) (3-5)
Equation 3-5 is a function of mnf which is not generally known.
Fortunately for relatively small error covariance matrix R, which is the
usual case in network design, Equation 3-5 simplifies to:
f = m + T HT (H T H + R)Z - T H (HTH + R) H m
for small R
m+ T (H T H + R) 1Z - T H T (H T H ) H mf
T T -1 
-
+H (H T H + R) Z (3-6)
T TSince P = Y f it can be shown that 3-6 is equal to Equation
3-3.
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3.6. The Estimation of the Covariance Function of Total Storm Depth
The definition of the process covariance matrix, 4, (Equation
2-2 ), and the corresponding covariance function, cov(x1,2), is a
necessary and difficult task in the implementation of this work.
Although acknowledging the importance of this exercise, the author will
limit his comments to a brief review of works on the topic by Lenton
et al, (1974) and especially the very complete work by Rhenals et al,
(1974).
The covariance function,
cov(x1 ,x2) = E IfQ () f( )I - m (x,),m(x) (3-7)
must be defined for the storms of interest to the network designer.
Such definition can be obtained from either theoretical knowledge of
the process at hand or from existing data.
An example of the first approach is given by Whittle (1954).
He derives that a process with a correlation function of the form
e-ar obeys the following expression:
2 2 '13
+(x,y) = C(x,y) (3-8)
where (x,y) is the process of interest and E(x,y) is a known
stochastic process which obeys certain measurability conditions.
Eagleson (1967) used a similar idea to develop correlation
functions for convective and cyclonic storms. He defined a model for
the average areal distribution of rainfall (there are several of these
available for various locations and storm types, see Eagleson (1970))
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and obtained the correlation based on the depth values given by the
model.
The covariance matrix or function can alternatively be de-
rived directly from available data in the area of interest or data from
similar areas. Lenton et al,(1974), discusses the advantages and dis-
advantages in the estimation process of the correlation function when
using one storm, assuming ergodicity, or various storms, asssuming they
come from the same process. It is apparent that the multirealization
alternative is advantageous if enough events are available. In many
situations, though, the decision maker is forced to use the one-reali-
zation approach. In such situations the various estimators are given
by:
1 n
m =- f(x.) (3-9)
ni=1 -
2 1 n
s 12 (3-10)
1=1
and
1 nA
cov(Ax) - (f () -,in) (f (x + Ax.) m) (3-11)
A i=l
where
f(x.) = storm depth recorded at point x
n = number of pairs of raingages separated
a distance x
S2  = estimated point variance
m = estimated mean
Unfortunately, the above estimator for the covariance re-
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quires regularly spaced data which is seldom the case. Faced with
such situations, Rhenals et al, (1974), assumed that total rainfall
depths follow a certain pattern that can be represented by a mathemati-
cal surface; this is essentially the same idea followed by Eagleson
(1967). Rhenals et al, (1974), used a surface fitting technique based
on multiquadric equations and estimated the rainfall depth on a uniform
square grid. Instead of assuming a homogeneous process with a mean
given by Equation (3-5), Rhenals calculated a regional ?eriodic mean by
using double fourier analysis on the fitted multiquadratic surface.
The covariance is then calculated using the easily obtained residuals.
One of the dangers of the above approach is that the ob-
tained covariance may be strongly influenced by the type of surface
fitting utilized (Lenton et al, 1974; Rhenals et al, 1974).
If needed, a covariance function can be fitted to the data
based covariance estimated by the previously discussed methods. The
questions to be answered in this step are the form and parameters of
the needed function.
Parameters are usually estimated by least square fitting
(Rhenals et al, 1974) or by preserving correlation at a particular
distance (Rodriguez-Iturbe and Mejia, 1974a).
Discrimination between functional forms based on data is
extremely difficult except on few exceptionally clear cut cases
(Rodriguez-Iturbe and Mejia, 1974a; Rhenals et al, 1974b). In such
cases, where data based form discrimination is not possible, it is
suggested to define a form based on theoretical arguments and knowl-
edge of the process at hand. On such basis Rodriguez-Iturbe and Mejia
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(1974a) propose the use of the Bessel type correlation function to
statistically represent storm depths. Their conclusion agrees with that
of Whittle (1954) which favors the Bessel expression over any other
exponential type alternative. Fortunately it seems that covariance
function form is not a major factor in network design as was argued in
a previous section of this work.
3.7 General Comments
3.7.1 Convergence Problems
As discussed in Section 2-5, the optimization algorithm
suggested by Federov (1972) and used in this work is based on first order
differences, that is, only one station at a time is varied in calcu-
lating the largest gradient. Due to this limitation, the author ex--
perienced several instances of failure to converge to a global optimum.
In these cases, a local optimum was achieved because the method failed
to realize that varying more than two stations at a time would lead to
a better solution. Fortunately, most of the times these points are
easily identified as non-optimal points in the transformation curve; i.e.
they would lie to the northeast of adjacent solutions.
The easiest and cheapest methodrelative to the few occurren-
ces and easy recognition., to avoid this problem can be described as a
rule of thumb. The author suggests solving the optimization problem
starting with two different initial designs. One of the initial designs
should always be the easily identified minimum cost solution, the other
any variation of the first with as many different terms as possible.
Obviously, in designing for one or one less than the maximum allowable
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number of stations, this procedure is not necessary.
As could be expected, failure to converge is more common
in problems where large number of possible designs are possible (given
by n! / (n-m) i m ! ). The larger the differences in stations charac-
teristics, the less is the chance of convergence failure.
The above suggested rule of thumb proved to be very satis-
factory in easily achieving global optima in the examples used in this
work.
3.7.2 Computational Requirements
The computer program used obtaining the results of this
chapter was prepared in Fortran IV, and implemented in an I.B.M. 370/165
of the M.I.T. Information Center. As programmed, it requires double
precision capability and the use of IBM's Subroutine Library-Mathe-
matics (1971), jointly with M.I.T.'s Information Center Mathematical
Library. In its present condition (as given in Appendix 4), it can
handle up to a 20 grid point discretization and requires around 250 K.
As expected, the speed and cost of execution varies con-
siderably with the number of allowable station locations since the size
of the covariance matrix is the square of that number. Similarly, speed
and cost are functions of the necessary number of iterations to achieve
an optimum. Generally, though, iterations rarely exceeded 5 and were
usually below that number.
On the average, for the problem of 9 possible station loca-
tions, the prize of designing per given number of stations was about
$0.50 using the full measure of accuracy. With 18 possible locations,
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the prize per optimization (per given number of stations) increased to
the order of $4.00 using the full measure of accuracy. With the estima-
tion error accuracy criteria significant cost reductions could be achie-
ved. The above prizes are based on M.I.T. Information Center prizing
policies of basically $6.18 per c.p.u. minute and $0.55 per K-byte hour.
Handling, reading, printing and other processing costs are also included
but are less important on the average when a large number of optimization
problems are submitted together. The given costs are based on execution
step only. Initial compilation costs are not included but certainly are
not significant on a production operation.
3.7.3 Concluding Remarks.
Measuring the average precipitation depth over an area is
an important problem in hydrology. Chapter 2 presented the theory be-
hind a proposed complete network design procedure for the above problem.
Chapter 3 showed its feasibility technically and economically in realis-
tic network design situations. Section 3.5 discussed what the author
views as the advantages of the proposed procedure over other available
network design techniques.
The presented procedure combines accuracy (taking into ac-
count the process and instrument uncertainties) and cost considerations
in a flexible enough way to include characteristics and constraints
particular to the problem at hand and the interested designer. The
usual warning flag must be raised, though, to remind the user that no
system design approach is meant to completely substitute the decision
maker's(designer's) good sense and intuition. Even though the proposed
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method can consider many of"his or hers" ideas, the final decision is
still the decision maker's responsibility. This could be extremely im-
portant, for example, in situations where a mathematically optimal de-
sign is found which in fact's differs very little from non-optimal solu-
tions. Since a perfect utility function definition will never be pos-
sible, the designer will have to use his or her good judgement in ac-
cepting or rejecting the given solution. Lenton et al (1974) dis-
cusses briefly such dilemma in the use of mean square error as a
measure of accuracy.
Finally, it is necessary to mention that the herein given
ideas of network design could be applied to similar problems in other
disciplines, for example, the design of soil exploration experiments
(see Bras et al, 1975).
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CHAPTER 4
Rainfall Generation: A Non-Stationary, Time Varying,
Multi-Dimensional Model
4.1 Need for a Model
In the last two chapters, a procedure for designing networks
to measure total rainfall depth of an event was presented. In doing so
the event to be monitored was characterized by a spatial covariance
function. Inherently, then,a generator of spatially distributed rain-
fall depths was implied.
Besides its utility in network design, the synthesis of rain-
fall data plays many other very important roles in water resources
studies. As is often the case, water resources works usually face the
fact that historical records are insufficient for analysis and decision
making. It is under these conditions that the ability to synthesize
and simulate historical series becomes extremely important.
Rhenai-setal (1974) suggest that existing rainfall models can be
classified as:
a) Point Rainfall Models. Those that generate time-
sequences of rainfall depth at a single point
b) Multivariate Rainfall Models. These models consider
several raingages simultaneously and are intended to pre-
serve the covariance structure of the historical rainfall
data existing in those points.
c) Areal or Multidimensional Rainfall Models. These models
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characterize the rainfall phenomenon at every point
over the area of interest.
In this work all of the above classifications are subdivided
in: 1) Rainfall exterior models. Those that generate storm
exterior characteristics like total depth, duration of
event and time between events
2) Rainfall exterior-interior models. These models generate
the time distribution of the total rainfall depth within
each event.
Rhenals et al (1974) and Leclerc and Schaake (1973) give
fairly complete reviews of the existing rainfall generators. The most
recent model, to the author's knowledge, is that of Mejia and Rodriguez
Iturbe (1974) which is of the areal -multidimensional type, and only
for storm exteriors in the sense that generates total depth of any
point in the area. Lenton et al (1974) extends Rodriguez' model to
generate areal average of total rainfall depth instead of point values.
Most of the existing models concentrate on storm exterior
characteristics. Those which generate storm interiors do so generally
at only one point.
Very few models attempt to generate exterior and interior cha-
racteristics everywhere in space. Grayman and Eagleson (1971) suggested
a statistically stationary model capable of generating storm interiors
in finite points in space. The main constraint of this model is the
assumption of stationarity behavior at all levels of storm activity,
including rain-cells, mesoscale and synoptic level.
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The following sections will suggest a multidimensional model,
non-stationary, of rainfall exterior and interiors. It would also be
very useful in designing rainfall networks with the idea of an accurate
prediction of the runoff produced by a storm. This problem is tackled
in Chapter 5 of this work. The model has been built to theoretically
preserve first order statistics of storm exteriors as well as the corre-
lation in time and space of the storm interior.
4.2 Formulation and Assumptions
The development of the model was based on the following basic
knowledge describing the behavior of storms.
1) Each storm moves with an average velocity, U, over the area
of interest and follows certain trajectory. Individual
disturbances within the storm move about the same velocity
(Zawadski, (1973b),Houze, (1969), Grayman and Eagleson
(1971)).
2) Water falling at any instant is correlated to what
happened at previous times. (Zawadski, (1973a),Leclerc and
Schaake (1973))
3) Correlation in space of rainfall at any time is observed
(Huff (1970), Zawadski (1973b),Rhenals et al (1974),
Rodriguez and Mejia (1974al, Eagleson (1967)).
4) Spatial and Time Correlation are neither separable nor
independent (Zawadski, (1973b), Lenton et al, (1974)).
5) Rainfall is a non-stationary process. The mean and variance
vary with time at all points in space (Zawadski, 1973b),
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Leclerc and Schaake (1973), Pilgrim et al (1969)).
At this point it is assumed that the storm interior of an
event with given depth and duration can be modeled as:
(4-1)i(x.,t) =il (x.,t) + -n(x.,t)
where i(x.,t) rainfall intensity at point with coordinate vector
x. at time t
-1
i (x.,t) mean intensity at x. and t; where the mean value
p -1 -
is taken over all possible storms of the same
characteristics.
n(x,t) noisy residual obeying a certain covariance
function in time and space
It is generally accepted that storms of a given type, i.e.:
frontal storms, in an area can be represented in an undimensional form
of the type shown in Figure 4--la (Eagleson, (1970), Pilgrim et al,
(1969)). That figure gives the average temporal rainfall distribution
in terms of the percentage of precipitation versus percentage of dura-
tion. Usually, the above information is obtained from data of rainfall
mass accumulation in a single raingage. Here it is assumed that every
point in space will have the same average mass distribution. By multi-
plying the undimensional mass curve of Figure 4-la by a given depth
and duration, the mean temporal behavior, i a(t) of the storm at all
points is obtained, relative to the storm starting time at each point.
It is assumed that storm duration is the same total everywhere.
In order to represent all stations at the same time, an absolute time
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scale is defined within the area . Starting time is the moment the
moving storm hits the first point in the area.
Thus, data of the form of Figure 4-lb is, for every point,
translated to absolute time by the distance from the origin to the point
in the direction of storm movement. Assuming for simplicity that the
storm moves parallel to the x axis (see Figure 4-2) it is clear that:
x.
i (x.,'t) = i (t - -- I ) (4-2)y 1 a U
where
i (x.,t) = mean intensity at x. and time t after
-
-1
storm reaches the boundaries of the area
of interest.
ia(t) = average precipitation at time t where t is
now the time it has been raining at a given
point (see Figure 4-1b)
x= x coordinate of point i
U = storm average velocity in x direction
Note that due to the hyetograph form of the input data (Figure
4-1), a discretization in time is unavoidable. Rain accumulation is
lumped within finite time intervals.
The next step is to hypothesize the form of the covariance func-
tion of the noisy residuals. In its most general form:
E [p(x. ,t') r(x.,t") = f(x.,t ; x.,t") (4-3)
-1 -j -l -j
In this work the above is written as
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E n(x.,t') n(x.,t") = c(x.,t') a(x.,tI?) r(x.,t' ; x.t") (4-4)
ki1-X 
-nxJt) =1 
-rxj25
wher e
E = expectation operator
f(-) = functional covariance
a(x , t) = standard deviation of rainfall intensity at
point x. and time t
r(x.,t' ;. , t") = general functional form of normalized covariance
cJ(x.,t) corresponds to the variation around i (x., t) and
-1 k -V
is similarly obtained from data (see Figure 4-1). The same time
translation is applicable, so
x.
&(x.,t) = (t --- ) (4-5)
-1 a U
Equation 4-1 can then be expressed as:
x. x.
i(x.,t) = i (t - -! ) + 0R(x.,t) a (t - (4-6)
a U -1 a U
where
,(x.,t) = standardized residual at point x. and
time t with zero mean and unit variance.
EIR(x.,t') R(x. t") = r(x.,t'; x.t") as defined previously.
1i R,t -)1-J
The statistical behavior of the residual R(x.,t) embodies the
spatial and time correlation of the rainfall process. The function
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r(x.,t' ; x t"') must then be defined.
1 -
At this point, a basic assumption about the behavior of rain-
fall is introduced. It is assumed that Taylor's Hypothesis (Taylor,
1935), of turbulence is valid within a storm. The above implies that
correlation in time is equivalent to that in space if time is trans-
formed to space in the mean direction of storm movement. If the storm
moves in the x direction, Taylor's Hypothesis implies:
r(x. ,t' ; x ,t") = r(y.,x.,t' ; y ,x.,t")
= r(y.,x. + Ut' ; y.,x. + Ut")
(4-7)
The reasoning behind Taylor's Hypothesis is that it is appli-
cable for translating processes with relatively weak time dependence
within their moving coordinate system such that time dependence in a
fixed coordinate system is dominated by the average motion. In other
words, it is assumed that "noise" or "turbulence" is connected along
the mean flow velocity without evolving appreciably in a "reasonable"
distance. Such reasoning has been found to be applicable in general
fluid turbulence (Hinze, 1959) ; wind and gusts studies (Harris,
1971); and large scale atmospheric processes (Gandin, 1965; Panchev,
1971). To the author's knowledge it has been tested and corroborated
once for particular rain storms in the work of Zawadski (1973b). Note
again that in the present work it is the unit variance residuals that
obey Taylor's Hypothesis.
The second assumption used is that rainfall intensities (or
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depth per time interval) have isotropic spatial correlation functions
at any instant of time. Such assumption is justified by the works
of Huff (1970) and Zawadski (1973b).
Therefore,
r(x.,t t ;x.t") = r(s,t)
= r /(y.j- y )2 +((X.i+Ut"I)- (x.i+Ut"))2
(4-8)
Notice that the above equation implies that the standardized
residuals (mean zero, unit variance) are stationary and isotropic in
the variables xl=y and x 2=x+Ut. The above does not imply station-
arity of the "noise" element pI(x.,t) in Equation 4-1 nor does it
imply isotropy with respect to x, y and t separately.
It is necessary now to have a scheme to synthetize random
fields of a prescribed correlation structure, This scheme will then
be used to generate rainfall events over an area.
A two-dimensional random field c(x) can be represented
through the following equation (Mejia and Rodriguez-Iturbe, 1974):
-- 
N
E_ N cos [(xy*) wi + 0 (4-9)
i= 11
where x represents a vector of coordinates (x1 ,x2) in R2 ; Yi is
a two dimensional random variable (y ,yi2) equidistributed on the
circle of unit radius; w. is a random variable whose distribution
1
is the radial spectral distribution function G(w) corresponding to
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the isotropic correlation function of s(x); and 0. is a uniformly
distributed random angle between 0 and 27. All random variables are
mutually independent with (x.y.) denoting the vector inner product
and N the finite number of harmonics.
Mejia and Rodriguez-Iturbe (1974) hcva shown that the above
process is homogeneous, isotropic, and asymptotically (N->co) ergodic
and multinormal. It also has zero mean, unit variance and, as N->o,
correlation function with radial spectral distribution corresponding
to G(w). (See also Rhenals et al, 1974, and Lenton et al, 1974).
Since y is equidistributed on the unit circle,
= (cosa., sina.) (4-10)
where a. is uniformly distributed between 0 and 27T.
Equation 4-9 then becomes,
-T- N
c(= cos w (x cosa + x sina + 0
(4-11)
It is then clear that Equation (4-11) can be used to generate
a random process in the R 2 space defined by x, = y and x2 x + Ut.
To do so, the random variables w. must be sampled from the radial
spectral distribution function corresponding to Equation 4-8. Generated
values of c(x1.x2) are then, due to the simple relation between x2'
x and t , samples of the non-stationary random field describing
rainfall events R(x ,t) = R(x,y,t). The spatial and time correla-
tion of the generated values approaches Equation 4-8 as the number
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of harmonics, N, goes to infinity. The spatial correlation of total
depths over the area are also preserved since
tD tD
r (D.D )D =r( (y.-y )2+((x.+Ut') - (x.+ Ut"))2 dt' dt"
0 (4-12)
where
D. = total depth at point i
t
tD storm duration
The functional form of correlation function, Equation 4-8,
would naturally depend on the hydrologic conditions of the area at
hand. A set of commonly used isotropic correlation functions was
given in Chapter 2 and is repeated here for the reader's convenience.
Single Exponential:
r(v) = e-aIvI (4-13)
Quadratic Exponential:
r(v) = e a (4-14)
Bessel Form:
r(v) = Ivl bK (Ivlb) (4-15)
(See Mejia and Rodriguez-Iturbe (1974) for more discussion in the
use of this correlation function.)
The corresponding radial spectral densities and distribu-
tions are:
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Single Exponential
w
G'(w) =
a2 [1+K]Y
G(w) = 1-
X+42v
0 < w < 00
0 < w < 00
Quadratic Exponential
G'(w) = w exp(-l/4 w2 a 2 ) 0 < w < 00
G(w) = 1 -2e 0 < w < 00
Bessel Form
2w
G'(w) = .
b 2(1+ w ) 2
b 2
G (w) = W
w
2+ b 2
0 < w < 00
0 < w < 00
The simplicity of the radial spectral distribution corresponding
to the given correlation functions allows the sampling of characteristic
w values by the inverse method.
For example, consider the single exponential spectral distribution,
Equation (4-17).
Inverting the equation results in:
(4-22)
w = C 1 21-G (w)
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(4-16)
(4-17)
(4-18)
(4-19)
(4-20)
(4-21)
Generation of uniformly distributed values between 0 and 1 and
their substitution for G(w) in 4-22 results in a series of w values
belonging to the population defined by 4-16 and 4-17
The works of Huff (1970) and Zawadski (1973b)suggest the use of
the single exponential correlation function for representing rainfall
intensities. The merits of that assumption will not be discussed here
(a related discussion appeared in Chapter 2), but the suggested function
will be used in the examples given in the last section of this chapter.
4.3 Point Rainfall Generation Algorithm
The suggested rainfall model consists of an algorithm uniting
existing techniques of rainfall exterior generation and the techniques
of rainfall interior simulation given in the previous section.
Required inputs are basically the following:
1) Marginal distribution (form and parameters) of time between
events, T ,
2) Marginal distribution of storm duration, td* It is assumed
that rainfall accumulates during the same amount of time at
each point.
3) Conditionaldistribution of areal average total depth, D,
given the storm duration.
4) Distribution of storm average velocities and directions.
5) Probability of occurance of various types of events;
6) undimensional time distribution of rainfall (average over all
points in space) and corresponding standard deviations of
rainfall accumulation in each time step (Figure 4-1) for
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each event type.
7) Form of time and space correlation given in Equation 4-8,
for each event type.
The generation algorithm is then the following:
1) Set total time of generation desired
2) Sample T, td and D from corresponding distributions
3) Sample storm velocity, direction and type
4) Construct average time distribution, i a(t) of generated storm
by scaling the undimensional hyetograph by the generated depth
and duration
5) Construct corresponding standard deviation, a (t)
6) Specify points in space where generation is desired
7) Generate zero mean, unit variance residuals with Equation 4-11
8) Create storm interior at desired points with Equation 4-6
9) Go back to step 2, to generate a consecutive event and repeat
for desired period of generation
The generation of interiors using Equation (4-6) extends for the
storm duration plus the time the storm takes to transverse the area. The
x.
storm duration at each point, though, is td since i (t - - )and
d a
x. U
a (t - ) are zero or near zero before the storm reaches point x. and
a U
become zero again after the storm passes the point in question.
4.4 The Generation of Areal Rainfall
It is sometimes desirable, especially in rainfall-runoff modeling,
to obtain estimates of rainfall averaged over particular areas or subareas.
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Lenton et al (1974) studied and derived a procedure to obtain an areally
averaged stochastic process from a multidimensional process as given in
Equation 4-9. He shows that the areal process can be defined through the
relationship:
2
EAX ) cos[(x) wi + oi (4-23)
where x now imply a point in the area of interest (i.e. the center of
gravity) used as a parameter vector and A (wi ) is a variance reduction
coefficient whose form is dependent on the geometry of the area of in-
terest.
The variance of the areal process is then
Var (c (X)) = a E{ X2A(wy)} (4-24)
where a 2 is the point variance (see Lenton, et al, 1974).
p
As previously mentioned, the form of the coefficient A i
depends on the geometry of the area. For rectangular area it becomes:
4 wyyt gA
XA(wy) = sin ( ) sin ( ) (4-25)
1 2 Y172 2 2
where
i, 22 = dimensions of rectangle
y1, y2 = coordinates of random point in unit circle in the
direction of 2 and 22 respectively.
Lenton et al (1974) offer equivalent expressions for the ellipse
and the circle. When using rainfall-runoff models, basins are usually
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characterized by combinations of rectangular overland segments (see
Bras, 1972; Harley et al, 1970), therefore Equation 4-25 together with
4-23 will allow the generation of rainfall intensities averaged over
the individual subareas of a schematized basin.
It should be made clear that the generation algorithm for the
areal average of rainfall is the same as described previously in Section
4.3 for point rainfall intensities. The only difference is the use of
Equation 4-23 instead of Equation 4-9.
4.5 An Example
For illustration purposes, a simple numerical example of
rainfall generation is given. It is assumed that only one type of storm
is generated (no seasonal variations nor different storm classifications.)
Due to lack of easily available data, storm speed is given as a deter-
ministic input. For convenience storm direction is fixed so as to coin-
cide with the definition of the x coordinate axis.
The area of generation is a 360 sq.mi. rectangular area. Its
length is 20 mi in the x direction and 18 mi. in y direction.
The residual correlation function is of the single exponential
type (Eqn. 4-13) with parameter 0.15. It takes the form:
-0.15 (y-y )2+ (x.+ Ut")- (x.+ Ut')]
-j (4-26)
Rainfall exterior parameters are assumed to obey simple ex-
ponential distributions. Similar distributions have been used previously
by Leclerc and Schaake (1972) and Eagleson (1971). The distribution and
used parameters are: 
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1) Time between Storms (T)
f(T) = 1 exp (-- 1 T ) T > 0 (4-27)
X = 1.0 / 70.4 hrs
2) Storm Duration (t d
f(t) = X2 exp(-X 2(t ) t > 0 (4-28)
2 = 1.0/7.692 hrs.
3) Total average depth over the area conditional
on duration
f(d/tr) = r' exp (-d/t ) d > 0 (4-29)
= 15
The undimensional rainfall distribution used was shown in
Figure 4-lb together with one standard deviation values. The hyeto-
graph was discretized in eight intervals as shown in the figure.
Note that the correlation function parameter was kept constant
at 0.15 even though, as the generator stands, different storms would
have different time intervals which should have different correlation
parameters. The value of 0.15 seems reasonable in the light of Huff's
(1970) work (see Chapter 5 for discussion).
Appendix 5 explains the use of the computer program that
carries on the generation.
Using a storm velocity of 12.0 m.p.h. and the data described
in previous paragraphs, several storms were generated. In these examples
only 50 harmonics were used in the generation procedure.
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Table 4-1 gives information on two of the generated storms.
Storms are given in terms of average areal intensity over individual
grids of the area, for that reason the table identifies the subareas
of generation with the coordinates of their center point.
Figures 4-3, and 4-4 show the storm hyetograph of the two
storms at 6 of the subareas. Remember these intensities are areal
averages over the subareas. Figures 4-5 to 4-7 give the rainfall areal
distribution at some specific times of the first storm. Similarly,
Figures 4-8 and 4-9 are the areal distribution of the second storm at
two different times.
Table 4-2 gives the point intensity values of the same storms.
The generation points are the centers of the individual subareas. The
larger degree of spatial variation is clear from the generated inten-
sities and from the total generated depths at the various points.
Figures 4-10 and 4-11 give the hyetograph at 6 points of the
two storms.
Figures 4-12 to 4-15 show the spatial distribution of point
intensities at various times for the two storms.
4.6 Conclusions
A rainfall generator capable of generating storm interiors
at different points in space has been suggested. Example results seem
to verify the adequacy and correct behavior of the model.
It is felt that the model incorporates rational and realistic
assumptions regarding the character of rainfall events. It is non-sta-
tionary, dynamic, and multi-dimensional instead of simply multivariate.
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Data analyses are needed to extend the available knowledge regarding
the possible values of the parameter which characterizes the correlation
function. The dependence of the latter with storm type, seasons, sam-
pling time interval, and storm velocities must be defined. The probabi-
listic nature of storm velocities and directions is another area of
needed research.
Even in the face of these needs the suggested model has the
advantages of being based on concepts easy to understand, being multi-
dimensional and computationally easy to implement. Moreover, the pre-
viously described research needs will be applicable for any kind of
rational description of the rainfall process.
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Table 4-1: Examples of generated storms, areal mean intensities given
Velocity = 12.0 mph
Total areal mean depth
Date of occurance from
Duration = 8.63 hrs.
= 2.0052 in.
initial time(days) = 1.675
IiME AREA ID
0.000
0.000
0.000
0.000
0.000
0.000
00.000
0.000
00000
U.000
0.000
0000 0
0 000
0*000
0 .00 0
0.000
0 .000
0.000
00000
0.000
1.079
1*079
1.079
1. 079
1*079
1*079
1.019
19079
1.079
1.079
1e079
.19079
1*079
1 e 079
1 .079
1 .079
1.079
1 9079
1.079
1*079
2.159
2.159
2.159
2.159
2. 159
2. 159
2. 159
2.159
2. 159
2
3
4
5
16
1617
id
9
10
11
12
13
14
15
16
17
14
19
2u
3
4
6
'I
9
11
12
13
14
15
17/
19
20
1
2
3
4
6
8
9
ACO0RL) 
2. o 00
b.000
10.0000
14.O000
200000
1.0 0 0 0
1 8.00 004. 0
18.00000
2.00000
0000 O
10.00 J0
14*0000
18.0000
2.0000
6. 0 
10 .0 U 0
14 .0U00
18.0000
2.0000
6.00 0
10. 0000
14. 0 0 0
18. 0000
2 .0 0 0
b 0000 0
10.0000
14.0000
18 .0 0 0
2.0000
6.0000
10.0000
14.0000
1 8. 0U000
2.0000
6. 0000
10.0000
14.0000
18.0000 0
2.0000
6.09 0 09
10.0000
14.0000
1 3 00 0 0
2. 0000
6.0 0 0
10.0000
14.0000
YCOU <U (Mi)
2.250o
2.200
2.2o?00
2.2 t 00
2.2t3o0
6.1500
6.7500
6.1Jsoo
6.150 O
6.7s00
11 .2 00
i .e500
11 .2500
11.2500
11 .2& 0
15.7500
ib.7b 0o
15. 750 0
15.7!00
15. 500
2.2500
2.2!00
2.50 0
2.250 0
2.2 00
be 509
6. 1500
6.7500
6. 7:00
b.7000
11.2!Do
11 .200
11.2500
11.250 0
11.250 0
15.7b0
15.7500
15.7500
15.1 0)o
15. 1500
2.2500
2.250 0
2.e00
2.2500
2.2s00
6. (500
6.7500
6. (00
6. 7500
HESIJUAL
0.1152
-0.0045
-0.1222
0.1J02
-0.0662
-0.2387
-0.0008
-0.0261
-0.0865
0.1020
0.0491)
-0.0016
-0.0264
0.0659
-0 . 0 185
-0.0044
-0.0509
0 .0269
00 0093
-0. 0o6o
0.0490
-0.0016
-0. 02b4
0 . 0859
-0.0185
-0.0044
-0.0509
0.0269
0 .0093
-0.026o
0.0756
0.0033
-0 0119
-0. 0031
-0. 0037
0.0306
-U . 0 414
0.0559
-0.0168
-. U021
0 .0756
.00 33
-0 0119
-o.oo31
-0 . 0337
0.0 306
-0.0414
0.0554
-0 .0 161
ULPiH/D T (IN)
0. 0000
0.0000
0.0000
0.0000
0.0000
0 .0 00 0
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.00 00
0. 0000.0
0.0000U . 0 0 0 0
0.0 000
0.0000
0.08??
0.0801
0.0-792
0. 0000
0.0000
0.0600
0.0(82
0.0b13
0. 0000
0.0000
0.0832
0.0803
0.0797
U 0 0 0 0
U 0 0 0 0
0.0814
0.0785
0.0824
0.0000
0.0000
0.2066
002008
0.1996
0.0801
U0 .080 1
0 .2030
0 .19 72
0.2050
0.0795
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2.159
2.159
2.159
2.159
2. 159
e. 159
2.159
2.159
2.159
2.159
2.159
3.238
3.238
3.238
3.238
3.238
3.238
3.238
3.238
3.238
3.238
3.23b3
3.238
3.238
3.238
4.238
3.238
3.238
3.238
J .238
J.23
4.317
4.317
4.317
4.317
4.317
4.317
4.317
4o317
4.3 17
4.317
4.317
4.317
4.317
4.317
4.317
4.317
4.317
4.397
4.317
4.317
5.397
5.397
b.397
,. 397
5o397
10
11
12
13
14
15
16
17/
2u
1
2
3
4
7
9
11
12
13
14
19
20
2
3
4
1
id
9
4C)
13
1'4
16
1/
19
20
2
3
4
S
18.0000
2.0000
6.0000
10.0 0 
14. 0000
1HO.000
2.0000
6.0000
10.0000
14 . 0000
18.0000
20000 
6.0000
10.00 0 U
14.0000
18.0000
2.0000
(1 .0000
10.0000
14.0000
1 80000
2.000 C
6 .000
10. 0 
14.0000
18.OuO
20000 
6.0000
10. 0000
14.0000
13.0000
2.0000
6.0000
10.0000
14.0000
18. 0000
2. 0000
6.0000
10.0000
14.0000
Hb.0000
2. 0000
6.00000
10.0000
14.0000
1 .0O000
2.0000
6.0000
10.0O00
14.0000
18.0000
20000 0
6.0000
10.000o
14.0000
1 !.0000
6. Th0u
11 .7 00
11.2 i500
ii .2500
11.2500
11.2500
Is. /soo
15.7(500
15. lsOO
15.71500
Is..1s00
2.cibOO
?.2s00
2.2ci500
2. 2500
2.2500
6./(500
6. 1500
bo.1500
6. ls0
b. (sUG
11.ocisOG
11 .2s00
11.2500
11 .2ds0
11.2500
i5. 7300
15.71500
15. 7s00
iS..1500
15. 7su0
2.2500
2.2ds0O
2.2500
2.ds00
2.2sO0
6. (500
6.7s00
be (500
6.7lsOO
6.1500
11.2500
11.2500
ii .2500
11.2500
11 .esoo
15. /500
15. 7S00
15. 1500
15. (soo
I5. (0o
2.2500
2.2500
2.2s00
2.2500
2.2500
-0.0021
-0.0034
-0.0009
0.0352
-0 0448
0. 00 e0
0.0111
-0.0081
000361
0.0144
0.0595
-0.0034
-0 . 000 c)
0 .0352
-0. 044 8
0.00 20
0.0111
-0.0081
0.0036i1
0.0144
o . 595
-0.0529
0 0 o02
0.0021
-0.0648
0. 0051
0.0196
0 .0558
-0.0367
0.0111
-0.00 70
-0. o529
0.0026
0.002]
-0. 64H
0.0051
0.0196
CO. . 8
-0.0367
0.0111
-0 . 007o
- . 0 .177
0.0014
0.008 
0.011i1
0.008 
-0.006c
0 .0 12 4
-0 . 061,
0 . (343
-0.0197
-0.G777
0.0014
0.0067
0.0118
0. 0069
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0.0601
0.2002
0.2004
0.2033
0.0784
0.0603
0.2014
0.1999
0.2034
000808
0.0826
0.5006
0.5011
0.5084
0.1969
0.2007
0.5035
0.4997
0.5085
0.2011
0.2053
0.4907
0.5018
0.5011
0.1953
0.2009
0.5052
0.5125
0.4939
0.2014
0.2000
0.2955
0.3010
0.3010
0.4883
0.5023
0.3027
0.3064
0 .2971
0.5035
0.4999
0.2930
0.3009
0.3017
0.5031
0.5031
0.3001
0.3021
0.2946
0.5062
0.4973
0.388b
0.4013
0.4024
0. 3u20
0.30171
5.397 6 2.OUoO 6.7500 
-0.0069 0.3999
',e397 7 6.0000 6.7bO0 0.0129 0.4031
3-397 8 10.0000 6.500 -0.0615 0.3912
5.397 9 14.0000 6.1700 0,0343 0.3042
5.397 1') 18.0000 6. /00 -O.017 0.29885.397 11 2.0)00 11.200 0.0181 0.4039
5.397 12 6.0000 11.2500 -0.0093 0.3995
.J97 13 10.0000 11.2!00 
-0.010q 0.3993
5.397 14 14.0000 11.2600 0.0470 0.3055
5.397 15 18.0000 11.e500 0.0001 0.3008
3.397 16 2.0000 15.7500 o.0077 0.4023
5.397 1 6.0000 15.l/sO -0.0144 0.3981
5.397 18 10.0000 15.l500 0.0041 0.4017
5.397 1,9 14.0000 15.7500 
-0.0348 0.2973
5.397 20 18.0000 15.(300 -0.0320 0.2976
6.476 1 2.0000 2.2?00 0.0181 0.3030
6.476 2 6.0000 2.2500 -0.0093 0.2997
6.476 3 10.0000 2.2500 -0.0109 0.299t
6.476 4 14.0900 2.e00 0.0470 0.4088
6.476 5 18.0000 2.2500 0.0001 0.4010
6.476 b 2.0000 6.7600 0.0077 0.3011
6.476 7 6.0d00 6.100 
-0.0144 0.2990
b.476 6 10.0000 6.7D00 0.0041 0.3013
b.476 9 14.0000 6.1-00 
-0.0348 0.395'
6.476 1) 18.0000 o.700 
-0.0420 0.3959
6.476 11 2.0000 11.200 0.0599 0.3080
6.476 12 b.OUoo l1.2~00 
-0.0268 0.2975
b.47b 13 10.OUUO 1l.2)00 0.ou9l 0.3019
6.476 1' 14.00j0O 11.200 0.u535 0.4096
6.476 13 18.0000 11.2500 
-0.1 31Q 0.3959b.476 lb 2.000o 15.77oo -0.05bo 0.2940 *
b.476 11 6.0000 15.(50u 
-0.011 0.2995
b.476 18 10.00.0 i:.7500 U.0283 0.3042
6.476 19 14.0000 15.1500 -0.0195 0.3979
8.476 2t3 18.0000 i5.750o 0.0069 0.4025
7.555 1 2.0000 2. 0o 0.0599 0.1239
7.555 2 b.0000 2.2500 -0.0268 0.1187
7.555 3 10.0000 2.2 0o 0.0091 0.1209
7.555 4 14.0000 2.250u 0.0535 0.3072
7.555 t 18.0uo0 2.2800 -0.0319 0.2969
7.555 6 2.0000 6.1500 -0.0560 0.1169
1.555 7 6.00ou 6.7500 -0.0110 0.1191
7.555 8 10.0000 6.1b00 U.u283 0.1220
7.55S 9 14.0000 6.7500 -0.u195 0.2984
7.555 1(, 18.0000 5.70o 0.0089 0.3018
7.555 11 2.0000 11.2500 0.0494 0.1233
7.555 12 6.000) 11.2500 -0.0169 0.1192
7.555 13 10.O000 11.2800 -0.0047 0.1200
7.555 14 14.0000 11-2800 
-0.001? 0.3006
7.555 15 18.0000 11.2500 -0.0091 0.2997
7.555 16 2.0000 i5.olou -0.0207 0.1191
1.555 17 6.OUUO 1S.70oo 0.0033 0.1205
7.555 10 10.0000 15.7500 0.0442 0.1230
7.555 19 14.0000 15./800 -0.005? 0.3002
7.555 20 18.0000 15./130o 
-0.0055 0.3001
b*635 1 2.0000 2.200 0.0494 0.1032
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8.635
6.635
8.635
8.635
8.635
b.635
8.635
8.635
b.635
8.635
8.635
6.635
8.635
d.635
8.635
8.635
6.635
d.635
b.635
9 *114
9.714
9.714
90714
9.714
9.114
9.714
9.714
9.714
9.14
9.714
9.714
9.714
9.714
9.714
9.714
9.714
9.114
9.714
9.714
0 793
0.793
0o 793
0.793
0.793
,)0793
0.793
0 .193
U . 793
0.793
0.793
0 793
0.193
o .793
o.793
c.793
0.793
3
4
6
9
10
11
12
13
14
15
14
18
19
v
20
3
4
6
7
13
1 4
11
12
13
1'.
15
17
16
19
2o
1
2
4
5
6
7
9
1.)
11
12
13
14
15
16
17/
0.0O0
10000 u 0
14.0000
1 8. Ou00
2. 00 O
6.0000
1 0. 0 u 0
14. 0000
13.0 0 U
2. 0000
6.0000
10.0 0 0 0
14. e 00
18.00 0 0
2.0 )0 
6.0000
1 0.00 U 0
14.0 U00
1.0000
2 .0 0 
6.00 j
10 00 0
14. 0 Uu
1 . 000
.0 ) 0 0
5. 0000
100 OsOU
14.0000
1 .0 ,) 00
2.0 uU
#.0 0 30
10 0 u 0 0
14.0000
1 0 0000 
?.0OUO
.o OJ0
1 o0000
14 .000
16 .0U00
2.0 u0
6.0OUou
10.0000
14.9 0 U0
1 3.000u0
2.0000
6.0000
10.00 00
14.0 J00
18.0000
2 .0 0 C 0
6.00 U U 0
10.0000
14. 00 0 0
18.0000
2 0 01 u
6.0000
2.e2,00
2.e2,00
2.2500
2.2500
6. (500
6.(5'00
b.7500
be.7500
6./(500
11 .2500 
11 .&00
11 .2e0o
11 .2000
ii .2e00
lb.7(500
15. 750o
15. 1500
15.7(500
15. lso
2.e500
2.2s00
2.2500
2.2500
2.e500
6.700
6. /500
6.7500
6.17300
6.7isOO
11. 25oo
11 .2s00
11 .2s00
11.25(00
i .2s00
Ii. lsoo
is .I700
15.7ls0
15. /V00
15. (500
2.e5000
2.2500
2.2500
2.2500
6. ,00
6.7s00
6.715 U0
b 7500
6. /50u
11 .2000
11 .200
11.s0oo
11.250 0
11.2500
b *7 b 0 0
15. 7Do
16.7t00
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-0.0189
-0.0047
-0.0012
-0.0091
-0. U207
0.0033
0.0442
-0.0052
-0.0055
0.0013
0.0115
-0. 0o23
-0.0145
0.0033
-0.0261
000324
0 .0260
0.025?
0.0013
0.0115
-0.0023
-0.0145
0.0033
0.0243
-0 .0 867
0.0324
0.0260
0.0252
-0. 0064
0.0111
-0.0227
-0.0350
0.0158
1).*0500
-0. 012 8
0. 0084
0.0259
0.0o66
-0.0064
0.0111
-U.OU227
-0.0350
0.0158
0.050t)
-U.0128
U U JU 64
00 0259
0.0066
-0. 012L
-0 . 3569
u. 065
0 .3492
0.2617
-0.2346
0.0228
0.0991
0.1000
0.1202
0.1198
0.0990
0.1005
0.1029
0.1200
0.1200
0.1003
0.1010
0.1001
0.1194
0.1205
0. 1017
0.0985
0.1022
0. 1219
0. 1218
0.0000
0. 0000
0.0000
0.0994
0. 1005
0.0000
0.0000
0.0000
0.1018
0.1018
000000
000000
S.0000
0.0982
0.1012
0.0000
0.0000
0.0000
0.1018
0.1007
Oo 0.00
0. 0000
u.0000
000000
0.0000
0.0000
0 .0000
0.0000
0.0000
U0000
0.0000
u.00 00
000000
(00 000
0.0000
0. 0000
0.0000
10.793 18 10.00u0 i.b7l0G -0.1076 0.0000
10.193 19 14.0000 15.7500 -o.2439 0.0000
10.793 20 1?.000u Vi.lb0o -0.0204 0.0000
STATION TOI IL DEPT "
?.004
S2. 00 e
3 2.011
2.003
2.00-
/ 2.00/
2.00,-
2.009
9 2.00t
Lu 2.004
11 2.OOJ
2. col
Ii 2.oub
14 2.011
if 2.01d16 0!
20 2.00-
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Table 4-1:(cont.)
Velocity = 12.0 mph
Total areal mean depth = 1.079
Date of occurance from initial
Duration = 14.33 hrs
in.
time(days) = 19.498
TIME AREA IU
0.000 1
0.000 2
0.000 3
0.000 4
0.000 5
0.000 b
0.000 7
0.000 0
0.000
0.000 10
0.000 11
0.000 If.:
0.000 13
0.000 14
0.000 14
0.000 16
0.000 1
0.000 lo
0.000 1
0.000 2o
1.791 1
1.791 2
1.791 3
1.791
1.791
1.791 0
1.791 7
1.791 6
1.191 9
1.791 10
1.791 11
1.791 12
1.791 13
1.791 14
1.791 1 b
1.791 16
1.791 17
1.791 1
1.791 19
1.791 2o
3.582 1
3.582
3.582 3
3.582 4
3.582
3.582 6
J.582 1
3.582 0
3.582 9
ACOORU(MI)
2.00
6.0000
10.00o0
14. 0000
1.s 0 UO0
2.0000
6.0000
10.0000
14.0000
16.00001
2.000 (
6.0000
10.0000 0
14.00u00
1 8. 0000
2. 0 0 00
b.UuU 0
10.0 0 0
14.0000
16.0000
2.001)0
6.0000
10.0000
14.0 010
18. 00U00
2.0000
6.0000
10.0000
14.0000
18.0U0 u
2.0000
6.0000
10.0000
14.0000
16.0 u U
2.0000
6.0000
10.0 ")0 0
14.0000
18.*0000
2.0 0 U
6.0000
10.0 u 0
14.0 U00
1a.0U0 l
2.0000
0b 0 G C0
10.0 0 o 0
14.00 U0
Y LOUHU (III)
2. s 00
2.2e00O
2.2boo
* 500
2.e2500
6.1500
b .7500
6 * 7500
6.7 0
b.7lS0
11 .DOO
ii .e500.
11 .2500
11 .c200
11 .200
15./(soo
i5. (609
15.7500
15. (500iI-). 7 s O
2* 2500
2.2s00
2.e300
2.500
2. 250 0
be.1600
6.7 500
6.7500
ii.&300
11.*2 s0 0
11.2500
11 .23,Cj
11 .200
i5. ls0o
15.7(sOO
15./(500
15. 7600
15.0 io0
2.?0bo
2.2500
2. 00
2. e 500
2.2500
6. 0 0 o
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Figure 4-3: Hyetograph of storm at 1.675 days, areal mean intensities
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Figure 4-4: Hyetograph of storm at 19.498 days, areal mean intensities
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Figure 4-5: Areal distribution of first storm at 3.236 hrs into steim, areal *ean intensities
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0-3di 01 MILESi 1111111111111111Blllii11111 1 i, IlI1TTIILIIIIIIL BAXAAAXXXAAAXXXABAXXXXAAAAAXB
Oo540E 01 MILESIIIIIIIIIIIII11LIIIIIIIIII BI111llli1llliiiL1XXAAXAXJIAAAXXAXBAxAXA~XXXXXUUUXAI
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Figure 4-6: Areal distribution of first storm at 6.476 hrs. into storm, areal mean intensities
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Figure 4-7: Areal distribution of first storm at S.372 hrs. into storm, ansal man intensities
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0Figure 4-9: Areal distribution of second storm at 10.74S hrs. into storm, areal mean intensities
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Table 4-2: Examples of generated storms, point intensities given
Velocity = 12.0 mph
Total mean depth = 2.0052
Duration = 8.63 hrs.
Date of occurance from initial time(days) = 1.675
TIMF PCINT ID XCCCRD(MI)
0.000 1 2.CCOC
C.CG 2 6.CCCC
G.000 3 10.CLCC
C.000i 4 1Z.CCCC
C.Cok 5 18.00CC0
C.GOO 6 2.0000
0.00") 7 6 .CCCC
C.Cuo 8 10.000C
C.Ic0 9 14.00CC
U .00 18.CCCC
0.000 11 2.00CC
(. 12 6.rCCC
C.CG 13 IC.CaCC
C.00C 14 14.C ULC
.OCO 15 18.CCCC
0.000 16 2.C CU0
17 6.CCCC
C.000 18 10.CCCC
C.0ou 19 14.CCCC
C.000 20 13.C'CC
1.079 1 2.00CC
1.079 2 6.CCCC
1.079 3 10.C00C
1.079 4 14.0GCC
1.079 5 18.CCCC
1.079 6 2.CCOC
1.079 7 6.C0CC
1.079 8 1u.00cCc
1.079 9 14.CC0 C
1.079 1 18.0000
1.079 11 2.CC!C
1.079 12 6.'CCCC
1.079 13 10.00C0
1.079 14 14.CC
1.079 15 18.C000
1.079 16 2.CCCC
1.079 17 6.CCC
1.079 18 IC.LCC
1.079 19 14.CCCC
1.079 2i 18.00CC
2.159 1 2.C0(0C
2.159 2 6.C C C
2.159 3 IC.CCCC
2.159 4 14.CCCO
2.159 5 18.CCCC
2.159 6 2.00CC
2.159 7 6.CCC
2.159 8 1C.CCC0
2.159 9 14.00 CC
YCCCRD(NI)
2.25(0
2 .25CC
2 .250r
2.2 500
2 . 25C C
6. 1 5
6.i L0
6 .500
6.7 5C0 . -1 t C
1 . 1 250
11.25(011.25CC
11 . 25 C 011I.25CC
15.75CC
15 .75-CC15.15C C
15 . 75 C
15 .72CC
2 . 25 C C.2500 -
2 .25CC
2.25CC
2.25C C
2.25CC
6.7500
6.15CC
11 . 25CC0
11 . 250
11.25CC
11.2500
11.25CC
15.15CC
15.i5CC
15.i5CC
15 .750
15.75(C
2.25CC
2.25CC
2.25CC
2.25CC
2.250C
6.75CC
6.7500
6.75CC
6.500
RESIDUAL
-C .1128
- L G 397
-C .6936
C IC 86
-C .3859
-C .9505
-L .8C8 C
C .1234
C .3U51
-C .868
- C 0 0055
-C .0276
-C .0768
L . 1549
C .030(
L .0698
-C .C541
t .0535
C .U9 39
C .C155
-c .0055
-0.0276
-0. C768
C . 1549
C . C 300
C .0698
C .0 535
C .09 39
C.C 155
0.1746
C . 0593
-C. 1030
-C .0545
C .0338
C . 1324
-C .0411
C .762
-L .0618
-C.0347
C . 1746
C 0593
-C . 1030
-C .0545
0.0338
C .1324
-C .0411
C .C 762
-0.0618
CEPTH/DT(IN)
0.0000
S.00C
C r00 C
0.Ujto
C .00CC
0 .0000
0.0000
C .000 C
0 .000
0.00CC
0. 00CC
0.000
G.0000
O .00'c
0.00CC
0.0000
0.0000
0.00CC
0.00CC
C.CCC
0.0800
0.07;1
0.0771
0 .00CC
C. 00C0
U.083C
1) .078C
0.0824
0.00CC
0.000
0.C872
0.0826
U .0761
0.00CC
C.O"C.
G . C E 5S
.j .0786
C .08 33
0.0000
0.0JCG
C .2145
0 .205 3
0.1923
U .078C
0.0816
0.2111
3.1972
C.2C66
0.0777
!:450
2.159 1.0 18.0000 6.15C0 -0.0347 1.0788
2.159 11 2.GCCC 11.2500 -C.0234 0.1986
2.159 12 6.0000 11.25CC C.0474 0.2043
2.159 13 IC.CC0O 11.25C0 C.0644 . 0.2057
2.159 14 14.00CC 11.25CC -0.1471. 0.0743
2.159 15 18.C300 11.25CC -C.1049 0.0760
2.159 16 2.00CC 15.75C0 C.0160 0.2018
2.159 17 6.0000 15.15CC -C.0735 0.1946
2.159 18 10.00cc 15.75C0 C.1020 0.2087
2.159 19 14.CcCO 15.j5CC C.0829 0.0835
2.159 20 18.00CC 15.75.C 0.0368 0.0817
3.238 1 2.CCLC 2.2500 -C.0234 U.4966
3.238 2 6.C000 2.25C0 C.0474 0.5108
3.238 3 10.COOO 2.25CC 0.0644 0.5142
3.238 4 14.00C 2.25CC -C.1471 0.1887
3.238 5 [8.00CC 2.25CC -C.1C49 0.1921
3.238 6 2.CoCC 6.7500 C.U160 0.5045
3.238 7 6.LCCC 6.15CC -C.0735 0.4866
3.238 8 10.C00CC 6.75cc C.102U 0.5218
3.238 9 14.Cc"C 6.15CC 0.0829 0.2072
3.238 10 18.GCCC 6.7I 5CC C.C368 0.2035
3.238 11 2.0000 11.25CC -0.1492 0.4714
3.238 12 6.Cccc 11.25CC -C.1160 0.478C
3.238 1.3 1C.CLC 11.25C0 -C.0899 0.4833
3.238 14 14.C.i!0 11.2500 -L.1596 0.1877
3.238 15 18.000G 11.2500 -C.0913 U.1932
3.238 16 2.C0t.C 15.75C0 C.0541 0.5122
3.238 17 6.00CC 15. 5C0 C.0377 0.5089
3.238 18 1.0.CccC 15.75CC -C.C841 0.4844
3.238 19 14.00CC 15.75CC -(.127 0.1923
3.238 2L 18.000 15.15CC -C.1631 0.1874
4.317 1 2.C0CC 2.25CC -0.1492 0.2858
4.317 2 6.CCC0 2.25L0 -C.1160 J.2891
4.317 3 10.0000 2.2500 -C.k899 0.2918
4.317 4 14.0CC C 2.25CC -0.1596 0.4693
4.317 5 18.000c 2.25CC -C.C913 C.4830
4.317 6 2.C0CC 6.750C C.0541 J.3062
4.317 7 6.00CC 6.75cC 0.0377 0.3046
4.317 8 Iu.CCLC 6.75CO -C.08i1 0.2923
4.317 9 14.0CCC 6.15CC -L.1027 J.4807
4.317 1 0 18.0000 6.j(C -C.L631 0.4686
4.317 11 2.C000 11.25C0 -C.20o8 0.2806
4.317 12 6.0C(C 11.25CC -C.0787 3.2929
4.317 13 10.000C 11.2500 .1105 0.3119
4.317 14 14.CCCC 11.25CC c.1350 .. 528A
4.317 15 18. CC 11.25CC -C.0434 0.4926
4.317 16 2.C000 15.75CC -C.1589 0.2848
4.317 17 6.CWCc 15.75CC -C.06d8 0.2939
4.317 18 10.CC0C 15.75CC -0.l090 0.2898
4.317 19 14.CcCC 15.75L0 0.0257 J.5064
4.317 2C 18.0(0C 15.5CC L.0214 0.5056
5.397 1 2.CCCC 2.25C0 -C.2008 0.3688
5.397 2 6.0CC 2.25CC -C.0787 0.3884
5.397 3 1L.CCCC 2.25 C 0.1105 0.4188
5.397 4 14.CLC0 2.25C0 C.135o 0.3143
5.397 5 18.CCCc 2.25CC -C.0434 0.2964
151 -
5.397
5.397
5.397
5.397
5.397
5.397
5.397
5.397
5.397
5.397
5.397
5.397
5.3917
5.397
5.397
6.476
6.476
6.476
6.476
6.476
6.476
6.476
6.476
6.476
6.476
6.476
6.476
6.476
6.476
6.476
6.476
6.476
6.476
6.476
6.476
7.555
7.555
7.555
7.555
7.555
7.555
7.555
7.555
7.555
7.555
7.555
7.555
7.551)
7.555
7.555
7.555
7.555
7.555
7.555
7.555
8.635
2 .Ct C
6 . Ccc
10.0(000
14 .C or
18 .C;c0
2 .COCC
6 . 00C
10.0000
14 . C C! (" C
18.C . UC
2.00C
6.0000
1, .CCCc
14.c0o2C
18 .CC C
2.CCUC
6.C0f30
10 .000 C
14.CL C
13 .CCCC
2.C0CC
6 .cour
10.CLCC
14 .LCC C
18 .CCCC
2.CCC C
6.00CC
10 . 00CC
14. C CC
18.C( CC
2.C C c
6.C000
10. C C c C
14.cc c0
18 .cC c
2.00C00
6.C 000
10 .CCCC
14 .C CCC
18 .C CC
2.000 C
6 . C 0 C
10 . CL C C
S4.CLCC
18. CCC0
2 .CLOC
6. *COC C
G .CCCC
14.CCCC
8.CLC
2.0(00C
6.00C C
I 0 * C C 0
14.CuCC
18.00C0
2 .CCCC
6 . 7 5cC6.75CC6.750C0
6.75CCL6.75(0C6 .15CG
11 . 25CC
11.25CC
11.25C C
11 25 C
11.25CC
15.75CC
15.1 5(0
15. *C 5(
15.15CC
15.7%C
2 .25CC
2 .25C 0
2.25(00
2.25CC0
2.25CC
6.75CC
6.15CC
6 . 1500
6.15 CC
6.75CC
11.25(0
11.25C C
11.25CC
11.25CC
1 1.25 C
19.7 5C
15. 75(0
15.15C O
15.75C00
15 .15CC
2 .25C
2 .25 C
2.25C 0
2 . 2500
2 .25C 0
6.75 C0
6 .15CC
6.75Co
6 . 75(0
6.75CC
11.25CC
11. 25(C
11.25CC
11 .25 C
11 .250 c
15.75CC
15.5C (
15.15C0
15.75CC
15.75CC
2 .2500
152 -
-C .1589
-C .0688
-c . 1090
C .C257
C.0214
C.1045
-C .0773
C .0296
C .0845
C .0662
-C .L153
C .C623
-C.C 591
-C .0908
-0.0024
C . 1065
-C .C773
C .0296
C .0845
C .0662
-C .0 153
C .0623
-C .L591
-C .0908
-C .0CC4
L .0965
C .0282
-c .0375
C .C251
- , C715
-C .733
C .0134
C .0428
C .0198
-C .0674
C .965
C .0282
-C .0375
C .0251
-C .L 715
-C.0733
C .0134
C .0428
C .0198
-C.C674
C .U4 74
-C .094 C
-C .2216
-C .0694
-C .C674
-0 .0187
-C .0976
C.C560
-U .068 i
-C . 1277
C.0474
).3755
C .39CC
J.3835
0.3033
0.3029
0.4181
C .3886
0.4058
0.3092
0.3074
C .39E6
C.4110
0.3916
0.2917
0.30C7
0.3136
0.2915
C.3043
0.4146
0.4117
C .2989
S.3083
0.2937
0.3865
0.4010
.3 124
0 . 304 2
L .2963
).405 1
. 3896
u.292C
Q. 3024
0.3059
0 .404 2
v.3902
0.1261
0.1220
0.1181
.3 38
0.2922
0.1159
.. 12 11
0.1229
0.3C32
0.2927
0.1232
0 . 1147
. 1070
0.2924
0.2927
0.1192
0.1144
0.1237
0.2926
0.2854
0.1031
8.635 2 6.CCCC 2.25CC -C.C94C 0.0946
8.635 3 10.0000 2.25CC -0.2216 0.0869
8.635 4 14.C,0OC 2.25(0 -C.C694 0.1161
8.635 5 18.0000 2.2500 -C.674 0.1163
8.635 6 2.CGU, 6.7500 -C.0187 0.0991
8.635 7 6.GLt.C 4.15LC -C.0S76 0.0944
8.635 8 10.00cc 6.7500 C.056U 0.1036
8.635 9 14.00C 6.7500 -0.0678 0.1162
8.635 10 18.00CC 6.i500 -C.1277 0.1126
8.635 11 2.0000 11.2500 -C.0465 0.0975
8.635 12 6.CCcc 11.25CC -C.C494 0.0973
8.635 13 1c.OCG 11.25CC -C.0127 0.0995
8.635 14 14.c3CC 11.2500' C.0479 0.1232
8.635 15 18.00CC 11.2500 C.0147 0.1212
8.635 16 2.CCOC 15.75CO -0.0381 0.0980
8.635 17 6.CC 15.15C0 -0.1645 0.0904
8.635 18 10.0000 15.75CC 0.1682 0.1104
8.635 19 14.c00 c 15.75CC 0.1420 0.1289
8.635 20 18.0000 15.7SCu C.1206 0.1276
9.714 1 2.CCCC 2.2500 -0.0465 0.0)00
9.714 2 6.00cc 2.25CC -C.C494 c.00CC
9.714 3 10.00CC 2.250C -0.0127 0.0000
9.714 4 14.00Cc 2.25C0 C.0479 J.1031
9.714 5 18.CCCC 2.2500 C.0147 G.1011
9.714 6 2.00CC 6.75L0 -C.0381 0.CJCl
9.714 7 6.c00 6.7500 -C.1645 0.00C
9.714 8 10.C000 6.7500 C.1682 0.00CC
9.714 9 14.CCCO 6.15(C C.1420 0.1088
9.714 10 18.00CC 6.750C L.1206 0.1075
9.714 11 2.CL0C 11.2500 C.0472 0.CULC
9.714 12 6.C]'0c 11.25CC C.C338 C.GoCC
9.714 13 1u.CiJC 11.25CC C.1395 0.0000
9.714 14 14.COCC 11.25CC 0.0985 L.1062
9.714 15 18.00(0 11.25(C 0.1619 C.11CC
9.714 16 2.C00(0 15.75CC 0.1548 (.0J00
9.714 17 t.COLC 15.75CC C.0467 0.0000
9.714 18 1G.CtOO 15.15(C C.1647 0.00Cc
9.714 19 14.C000 15.15(C C.2178 0.1134
9.714 20 18.C000 15.75CC C.L954 0.1120
10.793 1 2.CCCC 2.25C C.0472 C.0000
10.793 2 6.0000 2.25CC C.0338 0.0000
10.793 3 10.C00C 2.25C0 C.1395 0.0000
10.793 4 14.C0CC 2.25CC 0.0985 C.0)00L
10.793 5 18.0:000 2.25CC C.1619 C.00CC
10.793 6 2.CO0o 6.15CC 0.1548 0.000C
lu.793 7 6.CCCO 6.15CC 0.0467 0.0000
10.793 8 10.C00CC 6.75CC 0.1647 0.00CC
10.793 9 14.CCCC 6.75CC 0.2118 0.0000
1C.793 10 18.00C 6.15(C C.14 0.0000
10.793 11 2.CCCC 11.2500 -C.6308 0.00CC
10.793 12 6.00C 11.25C0 C.7774 U.Goal
1C.793 13 10.00CC 11.2500 0.7949 0.00C1
10.793 14 14.Ccca 11.25C C.4815 0.0000
10.793 15 18.000C 11.25CC C.2428 0.00CC
10.793 16 2.0000 15.75(0 C.5163 0.0001
10.793 17 6.00cc 15.i5CC C.6502 0.0001
153 -
10.793 18 l J.Cccc~ 15.75CC -C.3015 0.00CC
]C.793 19 1/4.CCCC 15.15cc C.193C 0.Co00
10.793 20 18.0000 15.150C I '-.05 23 0;.00CC
STATICN TnTAL CEPTH
1. 1. cc8
'4 14C88
CC
8 2.cci,
IC 1.c 6 E
111 5
12 1 .S63
I .e 2.C27
17
1E
Ic 2.C13
2 C 1. 1
-154
Table 4-2 (cont.)
Velocity = 12.0 mph
Total mean areal depth = 1.079
Date of occurance from initial
TIME POINT ID XCCORP(MI)
0.000 1 2.CCOC
0.000 2 6.CCOC
C.000 3 10.C0CC
0.000 4 14.0000
C.000 5 18.0000
0.000 6 2.CCC
C.0U( 7 6.0000
0.000 8 10.C000
0.000 9 14.C0 C
C.000 10 18.00C C
0.00U 11 2.00C
C.000 12 6.000C
0.000 13 1C.CCCC
0.000 14 14. C C
0.000 15 18.CCCC
C.000 16 2.00(0
C.000 17 6 . C'CL
C.0C1 18 16.CC00
0.000 19 14.CLLO
0.000 20 18.00CC
1.791 1 2.C(OC
1.791 2 6.0000
1.791 3 10.0000
1.791 4 14.CCCC
1.791 5 18.CCOC
1.791 2.CLC,0
1.791 7 6.C000
1.791 8 10.C000
1.791 9 14.0100C
1.791 10 18.C000
1.791' 11 2. CC4*OC
1.791 12 6.00cCr
1.791 13 10.00CC
1.791 14 14.CUCC
1.791 15 18.CCCUII
1.791 16 2.CCtJC
1.791 17 b.0000
1.791 18 u.Cctc
1.791 19 14.00CC
1.791 20 18.00CC
3.582 1 2.LCoC
3.582 2 6.000 0
3.582 3 1C.CCCC
3.582 4 14.CCC
3.582 5 18.COOC
3.582 6 2.CCC
3.582 7 6.0000
3.582 8 10.00CC
3.582 9 14.CCCC
YCCCRD(MI)
2 25 C C
2 . 2500
2.2500
2.250
2.25CC
6 .5 C
6.7500
6 .500
6.1500
6.75C0
11.25CC
11 .25C0
11.25C 0
11.25CC
11 .25L0
15. iCC
15 .t 5CtJ
15.7500
15.5 C C
15.i 5 (C
2.25C 0
2 .25CC
2.2500
2.25CC
202 5CC
6 .75CC
6.75C0
6 .75C0
6 .75CC
6.75C0
11 . 2 5C0
11 .25LC
11.2500
11.25C0
11.25C0
15.15CC
15.75 C
15. 5 C
15.75C C
15. 7 5C 00
2 . 25CC
2. 25C0
2 .25CC
2 . 25C
2.25 00
6 .15 C c
6 .15CC
6 .75C C
6 .1 5 C C
Duration = 14.33 hrs.
in.
time(days) =
RESIDUAL
-C .3438
C .5288.
-C .2857'
C .3198
-C .0178
-C . 1369
-C .0'96
C .8325
C .7472
C .3107
0 .0348
C .06 33
C .2C49
C .2 3 39
0.1106
-C .C232
C .0948
C .0898
C. 1123
C .0669
C .0348
C .0633
U .2C49
C .2339
C . 1106
-C .0232
C .0948
C .0898
0 . 1123
C .0669
C . 1423
-C .07 19
-C .0252
-C.2126
-0 .2785
C . 11:) 7
C 0735
-C .C755
-C . 3104
-C .3838
C .1423
-C . 7 19
-C .0252
-C .2126
-C.2785
C .1107
C .0735
-C .0755
-C . 3104
19.498
CEPTH/CT(IN)
0.00C0
0.0001
0.0000
0.00CC
0.00CC
C .0000
C.0CCC
0 .0CC 1
S0. 000 1
C .00C C
0.00(0
0.00CC
C.0000
0.00CC
0.0000
C. 00C0
0 .00 C C
0.0000
C.00CC
0.0000.
0 .043;
0 .0445
0.0476
C.0482
0.0455
0.0427
0.0452
0 .0451
0.0456
0.0446
0.0462
C.0416
0.0426
.386
0.0371
0 .0455
0.0447
0.0415
0 .036 5
0.0349
0 .1140
0 .1048
S.1068
C.0987
G.0959
0.1127
0.1111
0.1046
0.0945
- 155 -
3.582
3*582
3.582
3.582
3.582
3.582
3.582
3.582
3.582
3.582
3.582
5.372
5.372
5.372
5.372
5.372
5.372
5.372
5.372
5.372
5.1372
5.372
5.372
5.372
5.372
5.372
5.372
5.372
5.372
5.372
5.372
7.163
7.163
7.163
7.163
7.163
7.163
7.163
7.163
7.163
7.163
7.163
7.163
7.163
7.163
7. 163
7.163
7.163
7.163
7.163
7.163
8.954
8e954
8.954
8.954
8.954
11
12
13
14
15
16
17
18
19
20
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
1
2
3
4
5
18.00CC
2 .CCCC
6.CC0CC
10.000CC
14.0000
18.00 CC
2.00C C
6.00CC
1.C cC
14.COCC
18.00CC
2.CCCC
6.0000
1 C.CIC
14.00CC0
18.00C C
2.0CC C
6.CCO
t .0c0 
14.0000
18.c0 cc
2 . CLC
6 * 00cC
10. CC
14.0000
18.0100
2.0000
6. 0C0
10 .CC c
14. 0000
18.00CC
2 .C CC
6.OLC
10 .C0cc
14.CCOC
18*CC CC
2 .CO; c
6 .00cc
ic O.CO
14.00LC
18.00Cc0
2 .000C
6.c00CC
10 .0000
14.0000
1 8.CCCC
2 .000
6.000 0
10.00C C
14 C(.0 C
18.0300
2.00C0
6.C000
1 C.CCoC
14.000 0
18.0000
6 .- 2500
11.25(0
11.2500
11 25C0
11.2500
11.2500
15.-5CC
15.75C0
15 . 15CC
15.1 5C0
15.75C0
2.25C
2.2500
2.2500
2.2 5C0
2.2500
6.5C c
6.1500
6.5CC
6.7500
6.7 5CC
1 1.25C0
11.250C,
11.25CC
11.2500
11 . 2500
1 5.75CC
15.7500
15.15 C
15.75C0
15.15CC
2.25CC
2.25CC
2.2500
2.25CC
2.25c0
6 .15CC
6. 500
6. 5CC
6.5C C
6.I510
11.25tC
11 .2500
11.2500
11.25CC
11 .25CJ
15.-5CC
15.7500
15.5 0
15. 5CC
15.7500
2.2500
2.25CC
2.25 C
2.2 5CC
2.25CC0
156 -
-0.3838
-0.2739
-C .29J7
-C . 1839
-0. 1458
-0 .0633
-C . 3224
-0.3186
-C .0935
-c .'1160
-0.1848
-C.2739
-C .2907
- c 1839
-C 1458
-0.0633
-C.3224
-0.3186
-C .0935
-C 1160
-C 1848
-C .3646
-0.34J1
C.0139
-C .08 11
-C.0130
-C .2407
-0.0494
-C .0359
-0.0793
C .0062
-C.3646
-0.3401
C.0139
-0.0811
-0 .(130
-C .2407
-C.0494
-C .C 359
-C .C793
C .0062
C 1589
C 1853
C .0401
C .00 C
SC.0643
0.2280
C.2355
0.2295
C .C579
0.0496
C. 1599
C . 1853
0 .0401
C.0050
C.0643
0.0913
0.0961
0.0954
C.1000
C. 1016
0.1052
0.0940
0.0941
0.1039
0. 102c
9 .0999
C .240 2
0.2384
0.2499
0.2540
0.2629
0.2350
0 .2354
0.2597
0.2572
0.2498
0.2304
0.2330
0.2712
0.2610
0.2683
0.2438
0.2644
0.2659
0.2612
C .2704
0.1422
0.1435
0.1626
0.1575
C.1611
0.1489
0. 15;2
0.1599
0.1576
0 1622
0.1704
C. 1718
0 o 1640
0.1621
4.1653
0.1741
0. 1746
0.1742
C.1650
0.1645
0.2295
C.2318
0.2193
0.2162
0.2213
8.954 6 2.00CC 6.15C0 0.2280 0.2355
8.954 7 6.C00C 6.7500 0.2355 0.2361
8.954 8 10.00CC 6.15(0C C.2295 0.2356
8.954 9 14.0000 6.7500 0.0579 0.2208
8.954 10) 18.0000 6.-5CC 0.0496 0.2201
8.954 11 2.COC 11.25CC -C.1111 0.2062
8.954 12 6.000 11.25CO -0.0618 0.21C5
8.954 13 1C.CCL0 11.25CC 
-C.0944 0.2076
8.954 14 14.cC 0 11.256C C.0709 0.2219
8.954 15 18.CGOC 11.25CC 
-0.0384 0.2125
8.954 16 2.0000 15.5CA0 -0.1278 0.2048
8.954 17 6.CLCC 15.75CC -0.0751 0.2093
8.954 18 10.CCCC 15.75CC 
-0.0413 0.2122
8.954 19 14.00CC 15.7500 -0.0710 0.2097
8.954 20 18.CCCC 15.15CO -L.2469 0.1945
10.745 1 2.00CC 2.25CC -0.1111 0.1547
10.745 2 6.CCEC 2.25CC -0.0618 0.1578
10.745 3 1C.Cccc 2.25CC 
-0.0944 0.1557
10.745 4 14.0000 2.25CC C.0709 0.166A
10.745 5 18.00CC 2.25CC -C.0394 '.1594
10.745 6 2.C000 6.15CC -C.1278 0.1536
10.745 7 6.000 6.75C0 -0.0751 0.1570
10.745 8 1.0cC 6.15Cc -C.C'413 0.1592
10.745 9 14.00CC 6.15C0 -C.0710 0.1573
10. 745 10 18.000C0 6.I5CO 
-0.2469 0.1459
10.745 11 2.00CC 11.25CC -C.2228 0.1474
10.745 12 6.00C 11.2500 -C.0980 0.1555
10.745 13 1G.C00C 11.25CC -C.C641 0.1577
10.745 14 14.0000 11.2500 
-L.2034 0.1487
10.745 15 18.00CC 11.2500 -C.2726 0.1442
IL.745 16 2.0000 15.15CC -C.2869 0.1433
10.745 17 6.000C 15.75CO -0.0351 0.1596
10.745 18 iC.CCCC 15.75Cc -0.1781 0.1503
10.745 19 14.CCL0 15.15C0 -C.0363 0.1595
10.745 20 18.C00CC 15.5ICC -C.0830 0.1565
12.536 1 2.CCCO 2.25CO -0.2228 C.0575
12.536 2 6.0C00 2.25C0 -C.u980 0.0616
12.536 3 1C.CCCG 2.25CC 
-C.0641 J.0627
12.536 4 14.00CC 2.25CC 
-C.2034 0.0582
12.536 5 18.00CC 2.25CC -0.2726 0.0559
12.536 6 2.00CC 6.15CC -0.2869 0.U555
12.536 7 6.C00C 6.1500 -C.0351 C.0636
12.536 8 1CC00C 6.1500 -C.1781 1.0590
12.536 9 14.Cocc 6.15(C -C.0363 0.0636
12.536 1 18.00CC 6.15LC -0.0830 0.0621
12.536 11 2.C000 11.25CC -0.L638 0.0627
12.536 12 6.C C0 11.25L0 
-C.1174 0.0609
12.536 13 1C.CIC 11.25C0 
-0.3320 0.0540
12.536 14 14.0000 11.25C0 -C.C894 0.0618
12.536 15 18.00CC 11.2500 C.0653 0.0669
12.536 16 2.00CC 15.75CC -0.1119 0.0611
12.536 17 6.0000 15.i5CC -C.0789 0.0622
12.536 18 10.00CC 15.75CC -C.0433 0.0633
12.536 19 14.C00cc 15.i5CC 0.0110 0.0651
12.536 20 18.OCCC 15.5(0C -0.0663 0.0626
14.327 1 2.CC00 2.25C0 -0.0638 0.0519
- 157 -
14.327 2 6.CCCC 2.25CC 
-C.1174 0.0501
14.327 3 1C.(JCC 2.25CC -C.3320 0.0432
14.327 4 14.0000 2.2500 
-0.0894 0.0511
14.327 5 18.C0Cc 2.25CC C.0653 0.0561
14.327 6 2.00CC 6 .15C C -0 . 1119 0.0503
14.327 7 6.CCoC 6.75CC -0.0789 0.0514
14.327 8 lu.0000 6.15CO -0.0433 0.0525
14.327 9 14.00C 6.75cc C.01'10 0.0543
14.327 10 18.C. C 6.5CC -C.0663 0.0518
14.327 11 2.CCCC 11.25CC C.1207 U.057S
14.327 12 6.CCoc 11.25CC 0.1413 0.0585
14.327 13 1C.CCCG 11.25C0 C.2280 .613
14.327 14 14.0000 11.25C C.2070 C.06C7
14. 327 15 18 .CC C C 11.25CC C.1075 0.0574
14.327 16 2.00U0 15.75CC C.0809 0.0566
14.327 17 6.CtC0 15.15CC 0.1337 0.0584
14.327 18 1L. CC0c 15.75Cc0 0.1213 0.0579
14.327 19 14.0000 15.75CO C.2587 0.0623
14.327 2C 18.COCC 15.15CC 0.1346 0.0583
16.117 1 2.CCCC 2.2500 C.1207 0.0000
16.117 2 (.CCCC 2.25CC C.1413 0.0000
16.117 3 1C.00CC 2.25CC 0.2280 0.0000
16.117 4 14.CLCO 2.2500 C.2070 f.iOJCC
16.117 5 tb.CCCC 2.25CC C.1075 0 .0001
16.117 6 2.C00CC 6.5CC C.0809 C.0000
16.117 7 6.C0oo 6.15CO 0.1387 0.00CC
16.117 8 10.00Ccc 6.15CC C.1213 0.0000
16.117 9 14.C000 6.750C0 C.2587 C.03c0
16.117 16 18.CJa( 6.15cc 0.1346 0 .0000
16.117 11 2.C000 11.25CC 0.7775 C.OccI
16.117 12 6.C00 11.25UC 1.0 294 0.0001
16.117 13 1c.C)C0 11.2501 C.7789 0.0001
16.117 14 14.00CC 11.2500 -C.1729 0.00CC
16.117 15 18.COCC 11.25CC 0.3368 0.0000
16.117 16 2.CCC 15.75CC 0.5887 0.0001
16.117 17 6.CCCC 15.15CC 
-0.1546 0.0100
16.117 18 10.00Cc 15.15CC C.7487 0.0001
16.117 19 14.00Cc 15.75CC 1.2155 0.00C1
16.117 20 18.LOCC 15.7500 1.2142 L.0'C1
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1 1.C34
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STCRP HYETCGRAP: TIlvE OF CCCUPANCE = 1.675
----------------- ----------------------------------------------- -----------------
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Figure 4-10: Hyetograph of storm at 1.675 days, point intensities
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DEPTH (INCHES)
0.38652E CC
C.36618E CG
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0.32549E tC
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STOFV FYETCCRAPF: TIPE CF CCCLRANCE' = 19.498
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Figure 4-11: Hyetograph of storm at 19.498 days, point intensities
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liiiiiiiiiiiiiiiiiiiiilifillilli.lilxxxxxXC XXXXXXX(IK((gK(((K(((<K<KIK<< K<((KKXXX<XXIS911W 20 3471-11*0
liiiiiiiiiiiiiiiiiiiiillillillilillxxxyxXXX)(XXYXXXKIXKXXXXXX<XXXXKXXIXXXXXXXKXYXXX<XKI'.;311W ZO 38 1'0
ifilillillilillillilliiiiiiiiiijillxxxxxXttXX XXXXKIX4(XX<(K4XXK (KXIKXXXXXXXXXXXXKXXIS311W Zn HSI-C,
iiiiiiiiiiiiiiiiiiiiiillillitililllxxxxxXIKXXXXXXXKI KKKXK(K(44KX(K(I<X XXKK<KXXXX<9<133'llr4 20 18;1*(.)
fillillillitilitilillillifitilitiflxxxxxXXXXXXXXXXXIXXXXXXXXKXXXXXXXIXXXXXXX(XXYXXKXXIS311W ZO 3?97*0
liiiiiiiiiiiiiiiiiiiiillillifillillxxxxxXIKXXXXXKX(IX94K (9(((((X((XIKX tKXK(XX(XXKXXIS911rI Zn 3991'('
iiiiiiiiiiiiiiiiiiiiiilillitillilllxxxxxXXKXXXXXXXXIXXIXXXXXXXKKXXXXIXXXXXXXgXXXXXKXKIS311W ZO ILI*P
liiiiiiiiiiiiiiiiiiiillillillillillxxxxxXltXXKXXXX(IXX4XX(((KKX((K(XIKXXXXgXgXYXYX<XX.IS311W Zn 390 *0
illitilliltilliffilliililliffililllxxxxxXgXXXXXXYX IXX<XXX(XKXXKKKXXIKXKXXXX KXXX4(XXIS3-IIW ?M 309TOO
----------------------------------------- -------------------------------------------
AIMS OLNI S094 REVE z NDIIVDIAIIN901 3WI1
SAvq SL901 r4831S 40 3WI1 ' 1193'dV)HdV 10 U-Z
2-D CRAFH(AREAL) . TIME OF STCRI'z 1-6 45 DAYS
TIME IDENTIFICATIEN 7 - 6.416 I-CLFS IKTt ST-CRP
------------------------------------------------------------------------------
0.180E 02 MILESillilIttilill1lililllilljlllllllllilllllllillillilllXXXXXXXXXXXXXXXXIHHHHHHHHHHHHHHHHI
0905E 2 MILESIIIIIIIITIIIIITIIIIIllillijlllllllllllllllIIIIIIIIIIXXXXXXXXXXXXXXXXIHHHHHHHHHHHHHHHHI
Jol.71E U2 MILESIIIIIIIIIIIIIIIIIII1111111111111111111111illitllllll$XXXXXXXXXXXXXXXIHHHHHH" Hl4HHHHHHI
0.166E 02 MILESIIIIIIIIIIIIIIIIIIIIllillllllllllllllllllIIIIIIIIIIIXXXXXXXXXXXXXXXXIHHHHHHHHHHHHHHHHI
Uo162E U2 MILESI[IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII1111111111XXXXXXXXXXXXXXXXIHHHHHHHHHHHHHHHHI
C.158E u2 MILESIIIIIIIIIIIIIIIIIIIIillillflllilltillllillIIIIIIIIIIXXXXXXXXXXXXXXXXIHHHHHHHHHHHHHHHHI
U.153E ( 2 MILESII[llllllllllliljllllllllillllllllllllllllilllllllllXXXXXXXXXXXXXXXXIHHHtiHHHHHHHHHHHHI
O*L48E .2 MILESIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII1111111111XXXXXXXXXXXXXXXXIHHHHHHHHHHHHHHHHI
0.144F. 02 MILESIIIIIIIIIIIIIIIIIIII11111111]Tlllllilllillllilllll[IXXXXXXXXXXXXXXXXIHHHHHHHHHHHHi4HHH1
U.139E tj2 41LESI]IIIIIIIIIIIIIIIIII11111111[IIIIIIIIIIIIIliffillillXXXXXXXXXXXXXXXXIHHHHHHHHHHHHHHHHI
I ---------------- I ---------------- I ---------------- I ---------- ; ------ I -------
0.135E J2 MILE51 ......... ***oooollllllllflllllllIIIIIIIIIIIIIIIIIIIXXXXXXXXXXXXXXXXIHHHHHHHHHHHHHHHHI
U.130E 02 MILESI***4oooooo**oooolllllllllllllillllilililllllllllillXXXXXXXXXXXXXXXXIHHHHH.tiHHHHHHHHHHI
0*126E U2 MILESI*o#ooeo.oo*ooooelllIIIIIIIIIIIIIIIIIIIIII11111111]IXXXXXXXXXXXXXXXXIHHHHHHHHH14HH14HHHI
0o121F 02 MILESIeso.oso.o.**9.99111111111111111llillflillllilllllllXXXXXXXXXXXXXXXXIHHHHHHHHHHHH14HHHI
0.11.7E U2 MILESI, ............... IIIIIIIIIIIIIIIIIIIII111111111111[IXXXXXX.XXXXXXXXXXIHHHHHHHHHHHHHHHHI
0,113E 02 MILESI#*oaooooooot*ooolll1111111111111111111111IIIIIIIIIIXXXXXXXXXXXXXXXXIHHHHHHHHHHHHHHHHI
0,108E 02 MILESIOOO*O.OooooooofolllilillifillifillitillilIIIIIIIIIIXXXXXXXXXXXXXXXXIHHHHHHHHHHHHHHHHI
G.IC3E U2 MILES1 ................ llillilillllllllllllflifillilllllllXXXXXXXXXXXXXXXXIHHHHHHHHHHHHHHHHI
0.99GE 01 MILFSI..**Oooooooooo*ellllliilllllllilllllllllllllIIIIIIIXXXXXXXXXXXXXXXXIH14HHHHHHHHHHHHHHI
0,945E U1 1AILES1 1111111111111 fill IXXXXXXXXXXXXXXXXIHHHHHI*iMHHHMHHI
I ---------------- I ---------------- I ---------------- I ---------------- I --------------- I
0.900E U1 MILESIIIIIIIIIIIIIITIIIIIillillilllllIlllllllllilliflilllHHHHHHHHHHHHHHHHIXXXXXXXXXXXXXXXXI
G.855E 01 MILESIIIIIIIIIIIIIIIIIIIililllllilllllllllllll11111111111ht-HhhHhhHl.HhHHhHH19XXXXXXXXXXXXXXXI
0.81()E J1 MILESIIIIIIIIIIIIITIIIIII11111111111[IIIIIIIIII111111111INHHHHHHHHHHHfi KH#41XXXXXXXXXXXXXXXXI
F-4 0.765E ul NILE51 I I IIIIIIIIIIIIIIIIIIIIIfillillilljllllllllll(11111114HMHHH11tiHht4i4HHHHIXXXXXXXXXXXXXXXXI
0N 0,72GE 01 41LESIII 111111111111111111111IIIIIIIIIIIIIIIIIIIIIIll. lilft*-NHHHHHHHHHHHHHHIXXXXXXXXXXXXXXXXI
Li 0.675E U1 M ILE Sl I I 111111111111111111,11Illiflitillillillilitiii[IIIIHHHHIiMHHHHMMHHHHIXXXXXXXXXXXXXXXXI'
C.63CE U1 MILFSIIIIIIIIIIIIIIIIIIIIilifillillilllll illillillililitiNHHHHhHHHHhHHHHHIXXXXXXXXXXXXXXXXI
3o585E U1 tAILESIIIIIIIIIIIIIIIIIIIIilillillfililljlllllllIIIIIIIIIIHMHHHHH#4HHHNHkHHIXXXXXXXXXXXXXXXXI
0.540E ul MI LE S I I I 111111111111111111111ililltllllllfllllllllltillllNHHHHHH#WHHHHW4HlXXXXXXXXXX.XXXXXXI
0.495E 01 MILESII[lllllllllltllilllilifillillflllllllllll111111111114HHHHHN#ihi-hHhfHHIXXXXXXXXXXXXXXXXI
I ---------------- I ---------------- I ---------------- I -- - -- --------- I --- - ----- ---- I
C*450E 01 MILESI*900000#600*000*111IIIIIIIIIIIIIIIIIIIIIIillillilllxxxxxxxxxxxxxxxxixxxxxxxxxxxxxxxxt
0.405E 01 MILESI*ooo*o#oqoo*,OoolllllfillifillilliffillifillillilllxxxxxxxxxxxxxxxxixxxxxxxxxxxxxxxxI
U*360E U1 MILESloo*o*oo*ooeoooo*lilllitillillifilliffillillillillilxxxxxxxxxxxxxxxxlxxxxx.xxxxxxxxxxxI
0.315E U1 MILESI.o .............. llililtlilllllllllllllilillilillilixxxxxxxxxxxxxxxxixxxxxxxxxxxxxxxxI
0*270E U1 MILESI*oo-o-oooo*oo***Illiiiiiiiiiiiiiiiiiiiiiil[litilillixxxxxxxxxxxxxxxlxxxxxxxxxxxxxxxxI
06225E Ul MILESIOOOOOO*000*000**IlllllllillllllifllllitillilillilflxxxxxxxxxxxxxxxxixxxxxxxxxxxxxxxxI
00180E 01 MILESIS00.60.00460.0001111111111111111filitillillillifillxxxxxxxxxxxxxxxxixxxxxxxxxxxxxxxxI
U.135E 01 MILESIO0.00*0600*00**OlilililillillillilliffillilifililllxxxxxxxxxxxxxxxxixxxxxxxxxxxxxxxxI
Co9CCE C-C MILESI..****oooooooo*olllllllilifilifilliffillilliflfl(flxxxxxxxxxxxxxxxxlxxxxxxxxxxxxxxxxI
U.450E 00 MILES1 ................ 111111111111111111111litilifillilllxxxxxxxxxxxxxxxxlxxxxxxxxxxxxxxxxI
I ---------------- I ---------------- I ---------------- I ---------------- I ---------------- I
CoCOGOUE OU 0*3!294E 01 CoMESE 01 colcaosE 02 0,141leE 02 0*17647E 02
NC PRECIP17AIICN
I C02915F C C TC 0, 3 12CE 00 INCHES
C9'120E GO IC Jo?325E 00 INCHES
C9122!E CC TC 0*35306 00 INCHES
C C.i530E 00 TC 09373SE CC INCHES
H C,3735E CC IG 0*3941E 00 INCI ES
X CoIS41E CC IC Jo4146E 00 INCHES
Figure 4-13: Areal distributift of ftrst It*= at 6.476 hrs. int# $to=, P*it ist"Witi0s
2-D GRAPH (AREAL ) . TIME OF STCFP-s 19.4S8 DAyS
TIME I0ENTIFICATICN 4. = !.7 -OLFE INTO SICRM
--------------------------------------------- 
r---------- ------------------ I
C.I8CF 02 MILESI................. ~ HHIFNXXXXY XXXIHHHHHHHHHHXXXXXXXXX
0.175E U2 MILESI.................... hFH , -IFlXX)X XXXHHHHHHHHIXXXXXXXX
0.1111 02 MILESI................. l--, -i11F -FFXXXXXXXXIHHHiHHHHIXXXXXXXX
0.166E 02 MILESI ................. I&- -hHHI ,I)Xxxx,.IXX~XXXXXXIMHHHXHHHHHH8HHHHHHHIXXXXX~XXXXXXXXXXI
0.162E 02 MILESI ................ IFFH PXFXX)F~hXXXXX) XHHHHHIHHHiiHHXXXXXXXXXXXXXXXXI
0.158E 02 MILESI ................. IH-HI-IXXXXXXFHIIXXXXX)XHHHHHHHHHHHHHHHHX(XXXXXXXXXXXXI
0.153E j2 MILESI..............FFhi-)NX(XXXXXXIHHHHHHHHHIXXXXXXXX
0.148E 02 MOILESI.......ooo*oo...IIXX -i-xX)XXXXXXXXHHHHHHHXXHHHHH9*ffHHHefXXXcX~XXXXXXXXXXX
0.14.4E ki2 '4ILESI .................IHH,I-11X1F(XX1I-H~XXX XXXXXXXXHhIHHHt*4HHHHHHIEXXXXXXXXXXXXXI
0.139E 02 MILESI .................I FI F FXXXXXX1(XXXXXIHHHHH HHHHHHHHHHHNXXXXXXXA~ x XXXI
I --------------- I --------------- I --------------- I- --I--------- -----I#.135E 02 MJILESI II IIIIIIIIIIIII1lIIII1111IINXXXX X)XI HN*HHHHHHHMHHIXXXXXXXXXXXXXXXXI
0.130E 02 MILESII IIIIIIIIIIIIIIIIXXXX)IXXXHHHHHHHHIXIXXXXXX
(1.l2bE U2 MAILESI IIIIIIIIIII IIIIIIIIIIIIilIlllXXXX~XXXXXXXlXXIHHHHHHxH*4.rl H*NlXzXXXXXXX~XXXXXXXI
0,121E 02 MI[LESIIIIIIIlIIIIIIIlIIIiiliIII)lXXX? )?XXXXXIHH Ist$HH hHNHHHHIXXXXxXXXXXXXXXXXI
0oI17E 02 MILESI111I1IIIIIIIIIIIIII!IIIIIII11111111XXXxXXXXXXXXXXXXIHKNHHHHHNH*gIXXXXXXXX~XXXXXXXX
3.113E 02 MILESI iIIIIIJIIIIIIIl1I1IIIIII??llllill XXX)))XXXXXIHH HHj~ HHi4HHHjXXXXXXXXXXXXXXXXI
0.108 o2 MILESI II IIIIIIIIIIIIj IIIIllj iIIII!I.lXX~XXAXXxxxXXXXXINH~hHHH,4HHNerHHNIXXXXXXXXXXXXX~XXg
U.9901 01 MILESIIITIII!IIII1III1IlllillIfiillII1II XXXXXXXxINHHHg HHHHHHIXXXXxXXXXXXXXXI
I --------------- I --------------- I --------------- I --------------- I-----------'---- I0,.900E101 MILFSlII!1II1IIIIIIIIIIhHJHe*8HOoo~ooooI*#*,**.*
0.ME5 Ul MILESII1IIIIIIIIIIIIIIIIlI1lIIII1IIHHHHHHHI HHHHnC0CGOOOOOGOOGOcIC*** ****.****I
o81GE 01 N IL E SI I II1IIII1liIIIIILI~~ili*I0co~c~o0*****s**
F40. 70 01 MILES I I II II I II I II II I II I II I II II II I II I I I-HH-iIHjsk~00000~ooI**e~all C.72DE 01 MILESI IIIIII1111lII 1II1IilifiiIIHHHHHHH. 
-HHiH.HGOOCocoaoccQOC-CocC*************l
0.675E 01 LSIIII11IIIlIIIIIIIlIH-t.HHIseloooooooOI**.****f
0,630E 01 MIL1SIlIIIIIIIII1IIIIIIIIIIIIIIIIIIIIINHHHHHHIHHHHHHiICCCOOOOLOOCCOCCCCI****************I
0.585E 01 MLS III1IIIIIIIIIIIII.~jgHIH*~~HOOOO~o~Oj**e*****
0.5E 01 MILESI 1IIIIIIIIIIIIIIIIIIIIIIlillliIHHHHI-I+IHHHHHICOO0000OOOC~CI****.**********l*
I--------------- I---------------- ------------ I --------------- I-
0.450E 31 M IL ES I.................I...............Ie 9o , 1*** ****** ******* ICOCO CCOCCaOCcfIjHH04HHHgIN
0.4051 G1 M ILE SI..90 ...............I...............I a * o 0* * 1**~* 00000O0000000000 14IMItN~n
0.360E ul mILESI .................I .............. I 1****s**4HIococalwm""W.He.,.*#4
0.3151 01 MILESI.. ......... I.......l***o*~*C00occccIi.m**4H~
C *2 %E 01 MI LE S I..........I........1*44* a04 e00 00000 o.o oe e44s9 *9 oa
0.225E u1 MILE SI.................I...............I0 *********IOOUCOCOOI4H4gu0.4.4
0.180E ul MILE SI . ....... to... .... I.............. 0 Sel *****4*********IOOO000000DOCCIH"ItHW.****.**#wI
U. 135E 01 MILE SI.a............... I........o.aoS 00SeS I~oo**400*O.0000000we*...M*.
0.9001 )0 MILESI ............... I ..............I****************ICOOC00000CCCCCGCCIHNHN$14NII4H1"H
I -- ------------- I----------------1 ;-------I -------------------------
COCCCOL'E 00 0*?!2S4E 01 C.1C5eeE 01 C.105881 02 O.14118E 02 06L764?E 02
K PC FIRECIPITAIICK
I= Ce23C4E 00 10 092372E 00 INCHES
C*2372E CC 7C .2.244CE 00 INCHES
*C.2'4O0E CC TC U*25011 00 INCHES
O) = C.25C1E CC TC 0,2576E 00 INCHES
H a C.25ofE CC 7C 0.26441 00 INCHES
X a C.26441 CO TC Q.i712 00 INCHES
Figure 4-14: Areal distribution of atend stemU at 5i.372 his. into $teo=. Point littuSities
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Chapter 5
Rainfall Network Design for Runoff Prediction
5.1 Introduction
Rainfall--Runoff models are commonly used for flood fore-
casting. In such models, catchment behavior as a low pass filter
attenuating high frequency and high wave number input fluctuations, is
commonly accepted. Such apparent behavior obviously leads to the ques-
tion of how detailed temporally and spatially is rainfall needed to be
described to keep the accuracy of flood forecasting models within a
given range.
At this point the reader may justifiably argue that flood
forecasting has fairly well defined related benefits and losses (see
Sniedovich et al, 1974, and Robinson, 1970). Therefore, the design of
data collection networks for use with forecasting models should be
attempted with the objective of maximizing net benefits accrued and not
simply with a forecasting accuracy criteria. Lost functions, related
to flood forecasting, are inherently non-symmetric, i.e., the lost ex-
pected from over-prediction is not the same as under-prediction, and
function of forecast response. Maximizing net benefits under such con-
ditions would require knowledge of the conditional distribution of the
predicted discharge given the true discharge. Similarly statistical
description of the forecasting system and population response to flood
warnings would be needed.
In this work, although acknowledging the ideal system design
approach described previously, the author chose to deal only with the
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forecasting accuracy criteria in designing networks. There are mainly
three reasons for that decision. First, the ideal approach briefly
described previously, requires information and data that is simply not
available. The only way the author sees such approach could be attempted
is through the use of extensive simulation together with considerable
historical information on discharges and system response to forecasts.
Grayman and Eagleson (1971) used the simulation tool as suggested above.
The second reason is the author's opinion,that faced with
such lack of data, the problem should be decomposed in various stages,
the first optimizing forecasting accuracy. The other stages would be
to iteratively solve the first problem with accuracy constraints. The
accuracy constraint would be imposed by information on the dissemination
and forecast response systems which would become available once the fore-
casting procedure is in operation.
The third, but important, reason for choosing the accuracy
criteria is that the suggested method of analysis is based on first and
second order moments, mean and variance (mean square error of estimation).
Such approach has the analytical advantages of relative simplicity,
minimum data requirements and no simulation needs as can be realized
from a similar approach in the first chapter of this work. Unfortunately,
the method yields no information with respect to the shape of the proba-
bility distributions nor of the joint distributions of the parameters
needed for the full system approach.
Eagleson and Shack, (1966), and Harley et al (1970), have
studied the problem of determining the sampling time interval with due
consideration to rainfall and catchment response characteristics. The
first attempt to the author's knowledge, to determine the sensitivity of
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catchment peak discharge to sampling density was made by Eagleson,
(1967), using harmonic analysis concepts with a distributed, one-dimen-
sional, linear catchment system. Eagleson's (1967) results yielded re-
lations between raingage density and forecast peak "errors". His approach
prevented any statement as to the station locations.
In this work, a method will be suggested that will provide
the mean square error (as a measure of accuracy) of the estimated dis-
charge, as a function of not only the number of raingages but also their
location, inherent measurement error, and naturally, the spatial varia-
bility of the rainfall process. The solution is dynamic (time varying)
and so gives a measure of accuracy at every time step of the hydrograph
not only the peak value. Rainfall is acknowledged to be a non-stationary,
dynamic, multidimensional, stochastic process which is a much more realis-
tic representation than the static, stationary one used by Eagleson (1967).
The runoff model used in the analysis is non-linear, spatially
distributed, and based on solutions to the kinematic wave equations. It
allows for non-homogeneous descriptions of the overland and stream seg-
ments comprising the basin being studied.
5.2 A State-Space Model of Rainfall
The network analys*s method to be suggested in this chapter
is similar to the estimation methodology used in Chapter 2 of this work
where the problem was the estimation of rainfall depth from precipitation
events. To use this powerful technique in the dynamic problem at hand
it is necessary to express the rainfall input in the form of a state-space,
first-order Markov model. This, nevertheless, will be done accounting
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for the non-stationary, dynamic, multidimensional character of rainfall
and will be based on the rainfall generator developed in Chapter 4.
The rainfall input will be written as
i(t) =A(t-l)i (t-1) + B(t-1) W(t-l) (5-1)
where
i(t) (Nxl) vector of normalized (zero mean) rainfall
intensities at time t
A(t) = NxN matrix
B(t) = NxN matrix
w(t) = (Nxl) vector of white noise with zero mean and unit
variance
N number of discrete points describing area of in-
terest
and Ew(t)w (t) = I
Equation 5-1 is a discretization in space and time of the
continuous model suggested in Chapter 4. The discretization naturally
should be made considering issues of homogeneity of input and basin cha-
racteristics. It will also need to be compatible with the basin schema-
tization to be used for runoff modeling which will be explained in fol-
lowing sections.
The model suggested above would be valid for the generation
of rainfall interiors for a specified family of storms with a given du-
ration, average speed, direction and statistical description of inten-
sities (time varying mean, and multidimensional correlation structure).
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Valencia and Schaake (1972) show that the parameters of
stationary models similar to Equation 5A can be estimated as:
A = s S (5-2)
TB B = S -s S S t 1 (5-3)
wher e
T
S Eji(t) i t) (5-4)
tj't _- -, j
T
S = E i(t)i(t-1)] (5-5)
= lag one covariance matrix
For the suggested non-stationary model (Equation 5-1) the
parameter estimation equations are generalized to:
A(t) = S(t2- 1 S (t) (5-6)
T -1
B(t) B(t) = S(t) - S(t) S(t) S(t) (5-7)
t, t t ,t-l t-1, t-1 ~t-1,'t
Chapter 4 suggested a non-stationary, multidimensional rain-
fall generator based on an assumption which allowed the author to hypo-
thesize a covariance function of the form
f(x.,t' ; x.,t") = a(x.,t')a(x. ,t") r(/ y.-y )2 +((x.+Ut")-(x.+iUt')) 2
J 1 j J 1 j 1
(5-8)
The evaluation of the o(x.,,t') terms and the possible forms
of r(-) were discussed in that chapter.
Clearly, Equation 5-8 can be evaluated at discrete points in
space and at given times to form the necessary matrices in Equations
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T
(5-6) and (5-7). The evaluation of A(t) and B(t) B(t) is then pos-
sible once Equation 5-8 is defined.
The following paragraphs will make clear that, for the net-
T
work design problem, interest lies in obtaining the matrix B(t)B(t) and
not B(t). This is important because the sometimes messy decomposition
T
of B(t)B(t) is avoided (see Valencia and Schaake, 1972).
Similarly to what was done in Chapter 2 assume the rainfall
process (storm) is being observed. Describe the observations (or ex-
periment) by
Z(t) = H i(t) + V(t) (5-9)
where
Z(t) = mxl vector of observations at time t
Note that observations are not necessarily made
at every discrete point, defining the area of
interest, i.e. m<N.
H = mxN matrix defining the measurement network. Its
definition and form is the same as that given in
Chapter 2.
i(t) = Nxl vector representing the true rainfall intensity
values at the N discrete points in space during
time t
V(t) = mxl vector of white measurement error attributed to
the instruments being used.
T
R = E [V(t) V(t) in this example assumed stationary
in time. As in Chapter 2 the matrix R will be ccn-
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sidered a diagonal matrix of measurement error vari-
ances. No correlation between measurement errors at
different points is allowed.
In the statement of 5-9, no correlation between
i(t) and V(t) is allowed. The existence of such correlation is
manageable but requires more complicated solutions.
Equations (5-1) and (5-9) form an observable discrete dynamic
system and as such estimates of the system state, i(t), can be made from
incomplete, noisy observations, Z(t).
The best linear dynamic estimator (minimum mean square error)
for such systems is the well known Kalman-Bucy filter which can be ex-
pressed as (see Schweppe, 1973, and Jazwinski, 1970):
i(t+l/t+l) = z (t+l/t+l) {H R _Z(t+l) + Z(t+/t)A(t)i(t/t)}
(5-10)
where
Z(t+l/t) = A(t) Z(t/t) A (t) + B(t) B T(t) (5-11)
Z(t+l/t+l) = Z(t+l/t) -
-Z(t+l/t)HT{R+H Z (t+l/t)HT H Z(t+l/t) (5-12)
Z(t/t) = E(i(t) i(t))(i(t) -(t) (5-13)
1(0/0) = 0 (5-14)
Z(0/0) = = E i(0) iT (0)] (5-15)
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The notation Z( t+ 1/t) stands for the error covariance matrix at
interval t+1 given observations up to time t. _(t/t) stands for the
best linear estimate of the vector i(t) given incomplete and noisy
observations, Z(t), up to time t.
Notice the similarity of Equations 5-10 to 5-13 with Equations
2-21 and 2-22 which were valid for a static, time invariant problem.
Again, as in Chapter 2, the value of the Kalman filter is that it al-
lows the evaluation of the accuracy of an experiment (network H) in
terms of the mean square error of estimation, Z. Most important, the
solution is such that the mean square error can be obtained and is
independent of the actual observations (see Equations 5-11 and 5-12)
which allows a-priori knowledge of the network accuracy and behavior.
5-3 A State-Space Model of Runoff
Similar to the rainfall model of the previous section it is
necessary to define a state-space model of a runoff. A finite differ-
ence solution of the Kinematic wave equations was chosen as distributed
runoff model. The model used corresponds to one used by the author
in previous work (Bras, 1974).
The formulation in state-space form will be illustrated by
use of an example in order to avoid the considerable notational com-
plication of a general development.
Assume the schematized basin shown in Figure 5-1, consisting
of 3 overland segments and 2 stream segments for a total of 5 elements
(for discussion on basin schematization, see Harley et al, 1970;
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Figure 5-1 Schematized river basin
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4
Bras, 1972, and Bras, 1974). Elements are identified by numbers 1-5.
The Kinematic wave equations have the form:
Continuity equation:
+ =q (5-16)
Momentum equation:
Q maAM (5-17)
where
A = cross sectional area of flow in element
(depth in overland segments)
t = time
x = longitudinal distance
Q = discharge
a,m = Kinematic wave parameters
q= lateral flow into stream segment or rainfall into
overland segment
In a distributed rainfall-runoff model Equations 5-16 and
5-17 can be solved for individual elements with different parameters.
One of the possible solutions is a finite difference scheme that
takes the following form (see Bras, 1974) for an overland segment:
kYj(t) = y (tAt) - y (t-l) + k k (
l k Ax k j +k Ax ky t -1 ik(t)
(5-18)
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Equation 5-18 is valid in the time-space diagram (finite dif-
ference grid) shown in Figure 5-2. Such diagram is the representation
of a discretization of space and time for element k. The levels of dis-
cretization, Ax and At are constrained by stability and convergence
criteria of the numerical solution (see Bras 1972, 1974.)
The subscript k in Equation 5-18 refers to the element being
analyzed. The subscript j refers to the space interval within the
spatial discretization. kYj (t) stands for the depth of flow at time
t in segment j of element k. Rainfall input to element k is
ik(t) . Kinematic wave parameters of the element are Uk and mk*
Time and space discretization are represented by the time step At and
the interval Ax.
For simplicity refer to the first term on the right of Equation
5-18 as
m
k2kj(t-1)) = y (t-1) - ak Ax kj -l) (5-19)
The second term will be redefined as:
m k (t-1)) = A- y. (t-1) (5--20)
k l k- )1 k Ax k j-1
Thus, k02) and k0 (-) are non-linear functionals on
ky j( -l) and k j-1 (t-l) respectively.
Referring now to the sample basin shown in Figure 5-1: assume
each element, overland and stream, is (for simplicity's sake) discretized
in two, therefore j = 1,2.
Evaluation of Equation 5-19 for overland element 1 over both
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AX
length of element
5-2 Finite difference
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space intervals results in:
1y(t) = 102( 1 1 (t-1))+ i 1 (t-1) At (5-21)
1y2 (t) = 1 0 2 1y2 (t-l)) + 101 (1 y1 (t-1)) + i1 (t-l)At (5-22)
Overland segments 3 and 4 of Figure 5-1 have Equations similar
to 5-21 and 5-22.
Stream segments have general solutions similar to Equation 5-18.
They take the form:
At mk At mk
A.(t) = A.(t-l) -ea Ax kA.(t-1) + a k- A. (t-1)
+ q(t-1) At (5-23)
Most of the notation in 5-23 have the same meaning as that in
5-18. kA.(t) stands for the cross sectional area of element k at time
I
t in space interval j. q(t) stands for the sum of lateral inflow
(ft3/sec/ft) to the stream element from adjacent overland segments.
An important feature of Equation 5-23 is that stream elements may have
non-zero upstream boundary conditions. In such cases kA takes the
value of the cross sectional area necessary to accomodate the sum of
outflows from the upstream segments.
Again, Equation 5-23 can be expressed as:
A.(t) = F ( A.(t-1)) + F ( A _ (t-1)) + q(t-l)At (5-24)kk 2 k kl1k j-1
where kF2) and kF1(-) are non-linear functions of k j(t-1) and
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k Aj-1(t-l) respectively.
At this point, recall the Kinematic wave momentum Equation 5-17.
It is clear that
qk(t) = atk kY2(t) = e k(ky 2 ())
mk
Qk(t) = ak k 2 (t) = Ek( 1k 2 (t))
(5-25)
(5-26)
where qk(t) is discharge per unit width of overland element k and Q
is discharge of stream element k, both at time t. kY2(t) and A2 (t)
are the depth and cross sectional area of flow at time t in interval 2
of overland segment k and stream segment k respectively.
Now Equation 5-24 can be applied to stream elements 2 and 5
respectively.
For stream element 2:
2 A, (t) -
2 2 (t) =
2 F2 (2A 1 (t-1)) + q(t-1) At + q3(t-l)At
(5-27)
2 2(2A 2t-1)) + 2F1 (2A1 (t-1)) + q 1 (t-l)At + q3 (t-)At
(5-28)
For stream element 5:
5 A1 (t) = 5F2 5A 1 (t--l) + 5F1 (A (t-1)) + q4 (t-l)At
(5-29)
5A 2 (t) = 5F2 %5A 2 (t-l) + 5F1(5A1 (5A,(t-1)) + q4
(t-)At
(5-30)
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and
where i
A* (t-1) = (t-1) m5  (5-31)
a5
One may now represent the total state of the system by means
of an aggregate state vector
1y1(t)
1y2 (t)
3y (t)
3y2 (t)
X(t) = 4y(t) (5-32)
y2)
2Al(t)
2A2 (t)
5 1
5 A2 (t)
U(t)
where U(t) represents the sum of upstream inflow to element 5, in
the example equal to Q2(t).
Combining Equations 5-21, 5-22 and all other overland segment
equations with Equations 5-27 to 5-30 and using 5-25 and 5-26, it is
possible to write a non-linear state space form of the Kinematic wave -
finite differences solution. The form of the model for the illustration
example is shown in Figure 5-3. Remember that the model is non-linear,
all matrices elements are functions.
At this time it is necessary to point out that in the present
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Figure 5-3
State-Space Form of Rainfall-Runoff Model as Applied
to Illustration Example
_t) c (X (t-1) ) + i (t-1) (5-33)
1y1(t)
1y2(t)
3y1(tW
3y 2(t)
4y(t)
4Y2 W
2 (t)
2A2(t)
5A1 (t)
5 A 2 (t)
U(t)
i(t) = L-i(t)1i3(t)
3 (
i4 t ]
where i k(t) is rainfall at
element k
(continued)
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x(t) =
0102(e) 0 0
101 ) 102(.)
0
0
0
0
0
302(1)
3 01 ()
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
302(*)
0 0 0 0 40
0 0 0 0 40
0 Ate 1 (-)
0 Ate 1 (-)
0 Ate2 (.) 0
0 Ate 2 &)
0 0 0 0 0 0 0
2(-) 0 0 0 0 0 0
(.) 402(-) 0 0 0 0 0
0 2 F 2 ()
0 0
0 0 0 0
2 F 1 (-) 2 F 2 ()
0 0 0 0 0 Ate 4 (-) 0
0 0 0 0 0 Ate 4 (-) 0
0 0 0 0 0 0 0 E2
0 0 0
0 5F2() 0 5F1 (.)
0 5F1() 5F2(.) 0
0 0 0
(5-34)
and E(-) are the functionals defined in Equations 5-25 and 5-26.
( 50
(Figure 5-3, continued)
0
where e(-)
(Figure 3-5, continued)
At
At
0
0
0
0
0
0
0
0
0
(5-35)
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0
0
At
At
0
0
0
0
0
0
0
0
0
0
0
At
At
0
0
0
0
0
work infiltration is not considered within the rainfall-runoff model
statement. In order to directly apply the proposed methodology, the
approach would be to form an effective rainfall input vector by subtracting
infiltration. Due to the uncertainty inherent in specifying the infil-
tration rate at any one time we have that the effective rainfall is the
differing of two random variables which will effectively increase the
variance of the input in the present analysis. The author acknowledges
the degree of importance of this extra variance and suggests its study
as possible extensions to this work.
Equation 5-33 is, as previously mentioned, a non-linear equation.
As it stands, it is very difficult to handle for the purpose of analysis
of variance. Proceed then by expanding 5-33 in a Taylor series and
ignoring second order terms:
()= (X( (t-1)) + C' (X (t-1)) Xt-)-X (t-1)]
+ i(t,1) + g it1 t11(5-36)
where
.(X(t-l)) = functional matrix g(-) evaluated at the mean
solution X (t-1)
(X (t-)) = first derivative of c (-) evaluated at X (t-1)
i (t-) = mean of input vector.
The expected value of Equation 5-36 is simply:
X (t) = (x (t-1)) + f i (t-1) (5-37)
P - -p
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Subtracting this mean from Equation 5-36 results in a zero mean process
defined as:
X(t) - X (t) = '(x (t-1)) (t-l) - X (t-1)
+ %i(t-4) i (t-l) (5-38)
where the zero mean input, i(t-1) - i (t-1), is that defined by
Equation 5-1 at the beginning of this chapter.
Redefining
i(t) = i(t) - i (W (5-39)
D(t) = X"t) - X (t) (5-40)
Equation 5-38 becomes:
D(t) = C'() (t-1))D(t-l) + B[i(t-l)j (5-41)
Unfortunately i(t) is not known with certainty due to in-
complete, noisy, observations as discussed in Section 5-2. Equations
5-10 to 5-15 describe an estimation procedure and give the mean square
error matrix of that estimation. If the estimate i(t) is used in
Equation 5-41, then the mean square error matrix of estimating the
(zero mean) state vector, D(t), becomes:
M.S.E.D(t) = C'(X (t-1)) LM.S.E.D (t-1)] q (X (t-1))
-Ii
+ _ (t-_/t-1) 3  (5-42)
where Z(-) is defined by Equations 5-11 to 5-15 and '(X (t-1)) can
be obtained by evaluating the rainfall runoff model defined by 5-33,
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using i (t) as input. The M.S.E. of D(O) is assumedly 0. (In this
work this assumption is trivial, since, for simplicity, dry bed initial
conditions are assumed).
Notice that the M.S.E. matrix of D(t) is a measure of the error
in estimating vector X(t). With the elements of X(t) given by 5-32
it is then clear that the mean square error matrix of X(t) gives the
M.S.E. of depths and flow cross sections in all the conceptual basin
elements. For example, the next to last diagonal element in M.S.E.D (t)
matrix would clearly be the M.S.E. of the cross section at the outlet
of the sample basin (Figure 5-1) 5A2 (t). Linearizing Equation 5-26,
again by Taylor's expansion results in:
M.S.E.Q5(t) = LEI( A2 (t)] M.S.E.( 5 A2 (t)) (5-43)
where E 5 A 2 (t)J = first derivative of E5 (Eq.5-26) evaluated
at mean value of 5A 2 (t).
Equations 5-42 and 5-43 are then the available tools for evalu-
ating data collection networks in reference to discharge prediction
accuracy. This is so since they are dependent on the input Mean Square
Error covariance matrix, Z which is a function of the network design
as shown in Section 5-2.
From the above exercise it is clear that the suggested approach
is based on a perfect runoff model. No uncertainty in the model or its
parameters is allowed. Uncertainty is introduced only by the stochastic
nature of the input. Chapter 6 will briefly discuss the implications of
introducing uncertainty in the runoff model.
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5.4 Network Analysis Example
5.4.1 Comments on Implementation
Implementation and execution of the analysis procedure described
in Sections 5-2 and 5,3 is carried on in various steps.
The first step consists of generating the elements of the matrix
5 (.) evaluated at a mean solution. This is done by using a rainfall-
runoff model based on Equation 5-18 and 5-23 to which a mean storm
characterizing the family of storristo be described by Equation 5-1 is
input. This mean storm has a given depth duration, and time distribu-
tion at each discrete point in space. Each overland element of the
schematic basin must be given this mean input. The model, in the form
of a computer program, will output all the relevant information for the
generation of C'(*). Appendix 6 briefly explains the use of this pro-
gram and provides the relevant listing.
The second step consists of another computer program. This pro-
gram works in various stages. First, it uses statistical information
of the storm family being characterized by the mean storm previously
described to estimate the parameters A(t) and B(t) B(t)T of a first
order multivariate Markov model of the form given in Equation 5-1. The
parameter estimation is done following the ideas given in Section 5-2.
Both, A(t) and B(t) B(t)T are produced and printed for each time step.
The second stage is to obtain the mean square error matrix of rainfall
estimation, E(t/t), using Equations 5-11 to 5-15, for a given network
design, matrix H. The third stage takes advantage of the sparsity of
matrix C'(-) and forms this matrix at each time step using data ob-
tained from the rainfall-runoff program, saving considerable computer
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memory. Matrix is also internally formed at this stage. Finally,
Equations 5-42 and 5-43 are evaluated for each time step. The program
produces as output the mean square matrix of rainfall estimation and
the mean square error (and its square root) of discharge at the basin
outlet at every time step. Stages 2 and 3 are repeated for any number
of alternative network designs desired.
Appendix 7 briefly explains the use of this program, describes
its data requirements and gives the relevant listing.
5.4.2 Example Data Description
The analysis of various network alternatives was done for a basin
that schematically looks as shown in Figure 5-4. It has a total area
of 82 square miles. Possible raingage locations are marked in the
figure and coordinate locations are given relative to the coordinate
system shown.
Data for the rainfall runoff model as well as for the descrip-
tion and parameters of the overland and stream elements are given in
Table 5-1. As mentioned before, no infiltration is considered.
The mean storm used to characterize the family of interest is
shown in Figure 5-5 along with one standard deviation around that storm.
The storm moved with a velocity of 20 mph from left to right relative
to Figure 5-4 in the direction of the x axis.
The time step used in the analysis was 1 hr and the discharge
was studied up to the 1 5th hour.
Rainfall intensities ( 1 hr accumulation) was assumed to obey a
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Table 5-1
Elements
Length
Flow
(ft0
of Width (f t)
r -4 I
4817
6745
6804
5292
9503
8146
7509
10000
42000
33000
40000
40000
40000
40000
33000
33000
40000
40000
42000
42000
area
(miles)
(sq.)
6.9
9.7
8.1
6.3
13.6
11.7
11.3
14.3
L ___________ L _____________ _____________I I
Number of
Space
Intervals
0 0 0
Slope
Basir
Mannings
N
Data
Alpha
( Ot )
MSegment
Cl
C2
C3
C4
C5
C6
C7
C8
S4
S3
S2
Sl
Q
0.500
0.700
0.900
0.700
1.400
1.200
1.500
2.000
0.410
0.318
0.324
0.219
1.67
1.67
1.67
1.67
1.67
1.67
1.67
1.67
1.33
1.33
1.33
1.33
0.005
0.003
0.002
0.0008
0.1
0.1
0.08
0.07
2 3
t ime
Precipitation
0.16
0.40
0.56
1.68
0.92
0.28
Total depth
4
hrs)
(in)
5
Standard
deviation (in)
0.16
0.24
0.20
0.56
0.36
0.20
= 4.0 inches
Figure 5-5 Time distribution of mean storm and standard
deviation around mean
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correlation function of the single exponential type.
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r(x. , t t ; x., t") = e
(5-44)
The network analysis was done with two different values for the param-
eter c. The parameter was first given a value of c = .15 which
implies"correlation distance" (defined when r(*) takes the value
1/e) of close tc 7 miles. This value agrees with Huff (1970) results
which (fitting an exponential correlation) imply a correlation distance
of about 5 miles for 1 minute rainfall rates and about 45 miles for
total rainfall depth. The value used, 7 miles, for 1 hour rainfall
rates, correctly fall between these values, For sensitivity analysis,
a value of c = 0.08, implying a 12.5 mile correlation distance, was
also used.
Table 5-2 gives the assumed measurement error variance at each
possible site. Appendix 8 gives a listing of all the data used in
the network design program (including data cards punched by the runoff
model).
Figure 5-6 shows the mean discharge hydrograph obtained with the
mean input shown in Figure 5-5.
It is important to emphasize that this mean discharge is obtained
by routing the mean storm given in Figure 5,5 through the deterministic
rainfall-runoff model given in Figure 5-3. This mean solution is only
used for the linearization given in Equation 5-36 which requires the eval-
uation of r1 (j (t)), Once t(X Ct)) is evaluated using the mean solution
it is only necessary to define 3 and Z(t/t) to find the mean square
error of discharge estimation (see Equation 5-42). 3 is a function
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Table 5.2
Measurement Error Variance at Possible Station
Locations
Element ID
C1
C2
C3
C4
C5
C6
C7
C8
Variance
0.01
0.005
0.02
0.007
0.008
0.005
0.015
0.017
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035000'
Discharge
c f s)
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3.02
28.48
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25508.41
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14406.1 I
1 1 199.89
8892.06
71 90. 36
Time
(hrs)
1
2
3
4
5
6
7
8
9
1 0
1 1
1 2
1 3
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1 5
x
5
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Hydrograph at basin outlet resulting from mean storm input
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I
Figure 5-6
of the particular basin and the time interval At and takes the form
shown in Figure 5-3. Z(t/t) is evaluated by Equations 5-11 and 5-12
and is a function of the rainfall model parameters, A(t) and
B(t) B (t), and of the network given by the matrix H.
5.4.3 Results and Analysis
The results of network analysis for various network alternatives
are shown in Table 5-3 and Table 5-4 in terms of the mean square error
of discharge (M.S.E.) and the square root of this parameter.
Tables 5-3 and 5-4 lead to several interesting observations.
With respect to station location it can first be said that for
the example given location seems to play a fairly important role. In
Table 5-3, for example, there is a noticeable reduction in peak estimate
mean square errors when stations are located in upstream reaches. No-
tice that 1 station in Segment 7 produces considerably less error in
peak prediction. This behavior is also observed in networks of more
than 1 station. At the same time, though, it can be concluded that
concentrating stations in upstream reaches deteriorates the quality of
the rising stages of the hydrograph. The rising limb of the hydrograph
is dominated by overland areas close to the basin outlet as was ex-
pected.
Station location plays an even more important role than station
number in some of the cases. For example, in Table 5-3, it is more
accurate for peak estimation to have one station at location 7 than two
at 1 and 3. Similarly, two stations at 7 and 8 are somewhat better in
the peak than 3 at 1, 3,7 or at 2, 3, 6. Stations at 1, 5 and 7 give
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Table 5-3
Analysis of Network Alternatives Shown in Parenthesis
Correlation Parameter 0.08
(1) (3)
Time M.S.E.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
0
.435x102
.166x 104
.295x10 5
.309x10
.339x10 7
. 167x10 9
. 416x10 1 0
.118x10 1 1
.295x101 0
. 515x10 9
. 129x10 9
. 397x10 8
. 144x108
.530x10 7
Square Root
0
6.59
4G.7
172
556
1840
12900
64500
108000
54300
22700,
11300
6300
3790
2300
M. S.E.
0
.893x10 2
.386x10 4
.716x10 5
.87 0x106
.741x107
. 193x10 9
. 421x10' 0
.112x10 1 1
.273x10 1 0
.478x10 9
.120x10 9
.371x10 8
.135x10 8
.500x10 7
(6)
Square Root
0
9.4
62.2
268
933
2720
13900
64900-
106000
52200
21900
10900
60900
3670
2240
(7)
Time M.S.E. Square Root M.S.E. Square Root
0 0
2 .880x10 2  9.38 .979x10 2  9
3 .387x104  62 .437x104  66
4 .721x104 268 .818x105  286
5 .906x106  952 .103x107  1010
6 .702x10 7  2650 .789x10 7  2810
7 .138x10 9  11700 .138x10 9  11700
8 .284x101 0  53300 .252x10'0  50200
9 .737x10 1 0  85900 .627x10 0  79200
10 .165x10 1 0  40600 .195x10 0  44200
11 .274x10 9  16600 .439x10 9  21000
12 .700x10 8  8360 .116x10 9  10800
13 .223x10 8  4720 .369x10 8  6070
14 .826x107  2870 .136x108  3680
15 .312x107 1770 .509x107 2260
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(Continuation Table 5-3)
(7,8)
Square Root M.S.E. Square Root
1 0
2
3
4
5
6
7
8
9
10
11
12
13
14
15
. 408x10 2
.156x1O 4
.279x10 5
.293x10 6
. 299x10 7
. 140x109
.340x10 1 0
.934x10 1 0
.224x10
.384x10 9
.949x108
.292x10
.105x10
.386x10 7
(1,3,7)
Square Root M.S.E.
0
6
39
165
533
1530
8740
40000
62800
33800
15700
7970
4450
2680
16,30
0
.31
. I
.224x10 2
.821x10 3
.144x10 5
.144x10 6
.148x10 7
.770x10 8
.180x10' 0
.444x10 1 0
.8 45x10 9
.128x10 9
.316x10
.989x107
.361x10 7
.135x10 7
Square Root
0
4.74
28.7
120
379
1220
8780
42400
66600
29100
11300
5620
3150
1900
1160
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Time
(1,3)
M.S.E.
0 0
6.39
39.5
167
541
1730
11800
58300
96600
47400
19600
9740
5400
3240
1960
0
9.56
63.7
275
973
2610
9710
39500
61500
36500
18200
9430
5330
3240
1990
.915x10 2
.406x10 4
. 758x10 5
.948x10 6
. 682x10 7
.943x10 8
. 156x10
.378x10 1
. 133x10' 0
. 332x10 9
.890x10 8
.284x10
. 105x10 8
.394x10 7
(2,3,6)
Time M.S.E.
1 0
2
3
4
5
6
7
8
9
10
11
12
13
14
15
.398x10 2
.153x10 4
.273x10
.284x10
.233x10 7
.763x10
.160x10 0
.394x10' 0
.114x10 1 0
.246x10 9
.635x10 8
.198x10 8
.716x10 7
.265x 107
(Continuation Table 5-3)
(1,5,7)
Time M.S.E.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
0
.382x1 02
.145x10 4
.258x10 5
. 266x10 6
. 199x107
.567x10 8
.109x10' I
. 232x101 0
. 577x10 9
.126x10 9
. 340x10
.110x108
.410x10 7
.155x10 7
(3,4,5,6)
Square Root M. S. E.
0
6.18
38.1
161
516
1410
7530
33000
48200
24000
11200
5830
3320
2030
1240
0
.150x102
.507x10 3
.860x10 4
. 744x10 5
.813x10 6
.48000
.105xlO
.261x10' 0
.898x10 9
.219x10 9
.577x10
.181x108
.660x107
.244x 107
(1,2,7,8)
Square Root
0
3.87
22.5
92.8
273
901
6930
32400
51100
39000
14800
7600
4260
2570
1560
(1,3,5,7)
Time M.S.E.
1 0
2
3
4
5
6
7
8
9
10
11
12
13
14
15
.640x10 2
.277x104
.513x10 5
.628x10 6
.426x10 7
.687x10 8
.136x10 1 '
.327x101 0
. 545x10 9
.704x10
. 168x10
.523x10 7
.192x10 7
.718x10 6
Square Root M.S.E.
0
Square Root
0
8.0
52.6
227
792
2060
8290
36900
57200
23300
8390
4100
2290
1380
848
0
.366x10 2
.140x104
.250x10 5
.259x10 6
.186x10 7
.502x10 8
.945x10 9
.192x10
. 423x10 9
.876x108
.234x10 8
.757x10 7
.281x107
.106x10 7
6.05
37.5
158
509
1360
7080
30700
43800,
20600.
9360
4840
2750
1680
1030
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(Continuation)
(1,2 ,3 , 4, 5, 6,7,8)
Time M.S.E. Square Root
1 0 0
2 .139x102  3.73
3 .473x103  21.8
4 .808x104 89.9
5 .683x105  261
6 .493x106  702
7 .203x108  4500
8 .364x109  19100
9 .576x10 9  24000
10 .113x10 9  10600
11 .273x108  523C
12 .755x107  2750
13 .248x10 7  1570
14 .931x10 6  965
15 .354x10 6 595
-199-
Table 5-4
Analysis of Network Alternatives Shown in Parenthesis
Correlation Parameter 0.15
(1) (3)
M.S.E. Square Root
0
. 493x10 2
.193x10
.347x10
.380x10
.378x10
.177x10
. 454x10
.131x10 I
. 331x101 0
.581x10 9
.144x10 9
.443x10 8
.159x10 8
.586x10
0
M.S.E. Square Root
0
7. C2
44
186
617
1940
13300
67400
114000
57500
24100
12000
665C
339C
2420
.104x10 3
.456x10
.848x10
.107x10
.839x10
.198x10
.446x101 0
.123x10
.302x10 0
.523x10 9
.130x10 9
.398x10 8
.144x10 8
.530x10
(6)
0
.104x10 3
.463x10
.862x10
.109x10 7
.806x10
.149x10
.318x10
.849x10
. 186x101
. 302x10 9
.759x10
.239x108
.880x107
.331x10 7
0
0
0
0
10. 2
68
294
1040
2840
12200
56400
92100
43200
17400
8710
4890
2970
1820
0
.111x10 3
.492x10
.919x10 5
.110x10 7
.849x10
.136x10
.261x10'l
. 692x10' 0
.219x101 0
.485x10 9
. 126x10 9
.397x10
.145x10 8
. 541x107
0
10.2
67.5
291
1030
2900
14100
66800
111000
55000
22900
11400
6310
3790
2300
(7)
0
10.5
70.2
303
1080
2910
11700
51100
83200
46800
22000
11200
6300
381C
2330
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Time
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
(Continuation, Table 5-4)
(1,3)
Square Root
0
M.S.E.
0
Square Root
0
6.
43.
185
611
1880
12600
63000
106000
52100
21500
10700
5900
3530
2140
94
5
Square Root
.107x10 3
.476x10 4
.888x10 5
.112x10 7
.770x107
.949x10 8
. 161x101
.422x10 1
. 157x101
.389x10 9
. 103x10 9
. 327x10 8
.120x10 8
.448x10 7
(2,3,6)
M.S.E.
0
6.9
43.4
184
607
1070
9390
44100
71600
39200
18100
9150
5090
3050
1850
0
. 266x10 2
. 101x104
. 178x10 5
.188x10 6
.187x10 7
.964x10 8
. 235x101
.605x10 1 0
.115x10 1 0
* 167x10 9
.403x10 8
.124x10 8
.450x10 7
. 166x10 7
10.4
69
298
1060
2770
9740
40200
65000
39600
19700
10200
5720
3460
2120
Square Root
0
5.1
31
134
433
1370
9820
48500
77800
33900
12900
6350
3520
2120
1290
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Time M. S. E.
(7,8)
1 0
2
3
4
5
6
7
8
9
10
11
12
13
14
15
.481x10 2
.190x104
.341x105
.374x10 6
,354x10 7
. 158x10 9
. 396x100 0
.112x10 1 1
. 271x10" 0
.464x10 9
.114x10 9
.348x10 8
.125x10 8
.457x10 7
Time
(1,3,7)
M. S. E.
1 0
2
3
4
5
6
7
8
9
10
11
12
13
14
15
.477x10 2
.188x10 4
.338x10 5
.369x10 6
.288x10 7
.882x10 8
. 194x101
.513x10 1
.154x10 1
. 328x10 9
.837x10 8
.259x10 8
.931x107
.343x10 7
0
0
0
(Continuation, Table 5-4)
(1,5,7)
Time M.S.E.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
0
.462x10 2
.181x104
.326x10 5
.352x10 6
. 251x107
.647x10 8
. 131x10 '
.304x10 1
.779x10 9
. 165x10 9
.437x10
. 140x10
.518x10 7
.195x107
(3,4,5,6)
Square Root
0
6.8
42.6
180
593
1580
8040
36200
55200
27900
12800
6610
3740
2280
1390
M.S.E.
0
.154x10 2
.519x10 3
.88 0x10 4
.753x10 5
.841x106
.541x10
* 126x10
.341x101
.126x10 1
.308x10 9
.806x10
. 252x10
.913x10 7
.337x10 7
Square Root
0
3.9
22.8
93.8
274
917
7360
35500
58400
35400
17500
898C
5020
3020
1840
(1,3,5,7)
Time M.S.E.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
Square Root
0 0
.877x10 2
.385x104
.717x10 5
.891x10 6
.597x10 7
.919x10 8
.188x101 0
.468x10 1 '
.765x 109
.902x10 8
.206x10
.627x10 7
.227x10 7
.842x10 6
9.3
62.1
268
944
2440.
9590
43400
68400
27700
9500
4530
2500
1510
918
M.S.E. Square Root
0 0
.454x10 2
.179x10 4
.322x10 5
.348x10 6
.241x107
.582x10
.115x10 1 0
.251x10
.562x10 9
.110x10 9
.289x10
.919x10 7
.339x107
.127x10 7
6.7
42.3
179
590
1550
7630
33800
50100
23700
10500
5370
3030
1840
1130
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(1,2,7,8)
(Continuation)
(1, 2,3, 4,5, 6,7,8)
Time M.S.E. Square Root
1 0 0
2 
.149x10 2  3.8
3 
.502x103  22.4
4 
.854x104 92.4
5 
.716x105  26.8
6 
.510x106  714
7 
.214x108  4630
8 
.386x10 9  19600
9 .601x10 9  24500
10 
.117x10 9  10800
11 
.286x108  5340
12 
.786x107  2800
13 .258x10 7  1611
14 
.968x10 984
15 .367x106 606
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better estimates than stations at 3, 4, 5, 6 everywhere except in the
receding portion of the hydrograph.
One of the most important results from this example is the large
decrease in mean square error obtained when using 8 stations, one at
each possible observation site. The square root of the peak mean square
error is reduced by a factor of 5 when going from 1 to 8 stations.
Between the most accurate (peak estimation) 4 station alternative to
the 8 station option, accuracy in terms of the inverse square root of
the peak mean square error increased by a factor of two. These results
are contrary to the beliefs of other investigators which say that the
"filter" characteristics of the basin are such that only small number
of stations are needed for discharge forecasting. It seems that for
the example studied in this work that is not the case.
By comparing the square root of mean square error with the mean
discharge given in Figure 5-6 it is clear that for most network alter-
natives the bulk of the uncertainty is in the peak and rising limb of
the hydrograph. The coefficient of variation (root mean square over
mean) of the receding hydrograph portions is less than 1 for all net-
work alternatives. This is rarely the case in the rising portion ex-
cept for the 8 station network which gives a coefficient of variation
of less than 1 at all times, with the exception of the discharge at
2 hours.
The results in Table 5-3 and 5-4 show very little sensitivity
to the rainfall correlation parameter. Varying it from 0.08 to 0.15
(implying correlation distances of 12.5 and 7 miles) made little dif-
ference in the discharge mean square error.
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5.5 Concluding Remarks
This chapter proposed a method of studying the adequacy of
rainfall sampling networks when used together with a rainfall-runoff
model. The method is presented and developed in reference to a finite
difference solution of the Kinematic wave equations as runoff model.
It should be applicable though, with any other distributed runoff model
which could be expressed in a state-space form with finite lags.
As it stands, the suggested solution also depends on the users
ability in defining a multivariate rainfall model of the type given in
Equation 5-1. The parameters of such model could be derived directly
from available data or fitted to a multidimensional model of the type
suggested in Chapter 4 of this work. The latter approach was the one
followed by the author under the assumption that the suggested multi-
dimensional model is a more realistic one.
One limitation of the approach, as well as that of the static
problem discussed in Chapters 2 and 3, is that the rainfall model
(Eqn. 5-1) is only valid for a specific family of storms. Sensitivity
of the network design to various types of storms must be required in
any network design exercise.
Some of the advantages of the network design approach discussed
here are the following:
1) Allows the user to study accuracy of discharge prediction
at any point in the basin, not only its outlet
2) If it were necessary to include a model error, i.e. uncer-
tainty in the runoff model, the approach would allow it.
The need of considering such a stochastic runoff model will
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be briefly discussed in Chapter 6.
3) Networks are analyzed in terms of their effect on the whole
discharge hydrograph, not only its peak.
All of the above advantages come naturally as a trade-off with
the relative numerical complexity of the method.
Many readers would suggest that the planner's interest lies
mostly on hydrograph peak and so the network design procedure should
be simplified to look at that value only. With a runoff model of the
form:
N
Q = 7 p. i. (5-45)
peak . J3=1
where
i. = rainfall accumulation (to a.given time)
J
at point (area) j
p. = weighting factor
J
i = vector of i.'s
E =i T k
the peak discharge sensitivity to network configuration could be stu-
died as a static problem with the framework discussed in Chapters 2
and 3 of this work. Nevertheless, the author considers it impossible
to suggest such a distributed simplified runoff model with any sort
of reliability. At the same time he believes that the peak discharge
is not the only parameter of interest of an entire hydrograph.
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Chapter 6
Conclusions
6.1 Summary
This work accomplished three basic objectives. First, a
technique for designing a data collection network for sampling a static,
spatial process and obtaining its areal mean was suggested. The process
studied was the areal distribution of total depth of a rainfall event.
Chapter 2 described a technique based on linear estimation theory which
led to an accuracy criteria (mean square error) which accounted for
sampling density, location, and instrument noise. Consideration of
cost and network accuracy led to an "optimal" network design. Chapter 3
discussed implementation and a detailed example.
The method proved to be consistent in its results; thorough
in its consideration of all the aspects of network design; and simple
and economically implemented in an electronic computer. Comparison
with other available solutions was highly favorable.
The development stages led to careful consideration of error
involved in approximating an integral average in space by a discrete
procedure# The nature of this error and its interesting dependence on
the correlation function definition was discussed in Chapter 2.
Chapter 4 discussed the second objective of this work.
There a rainfall generator capable of repro.ducing storms interior time
history and spatial distribution was discussed.
The suggested model used the Taylor hypothesis of turbulence
and an isotropy assumption to suggest a correlation function, in time
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and space, of the rainfall process. The model is multidimensional and
non stationary with time dependent mean and variance everywhere in space.
The interior generation technique was based on sampling from the spectrum
of the suggested correlation. Examples of generated storms are given
showing expected behavior.
Chapter 4 also discussed the limitations of the presented
rainfall generation. Suggestions as to possible future solutions of
these flaws were given.
The final objective of this work was to develop a theory for
analyzing a rainfall data collection network in reference to its use in
providing the input to a runoff model when accuracy in the forecast of
the output is the objective in the network scheme.
With the use of
1) a multivariate non-stationary version of the rainfall model
of Chapter 4,
2) a state-space formulation of a non-linear,Kinematic wave,
distributed rainfall-runoff model and
3) a linear dynamic estimator (Kalman-Bucy filter), Chapter 5
showed how the mean square error of basin discharge, at any time, can
be obtained as a function of data network configuration. The network
is defined by the number of stations, their location and their measure-
ment error. A numerical example was presented showing the effect on
discharge of various network alternatives. From the example it was
concluded that the accuracy of the discharge prediction was more sen-
sitive to the number of observations and their location than expected
by other hydrologists. It was also shown that the given example was
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relatively insensitive to changes in the parameter of the rainfall corre-
lation function. The above example implied the strong influence of the ba-
sin's physical characteristics on the network design process.
6.2 Estimation, Filtering, and Control in Hydrology
The techniques of estimation, filtering and control, fre-
quently used in the fields of aeronautics, chemical engineering, and
electrical engineering, have not been widely used in water resources or,
for that matter, civil engineering problems.
Moore (1971) used the Kalman filter to study the sampling of
water quality parameters in a 1-dimensional river system. Hino (1970,
1973) has used the Kalman filter and the Wiener-Hoff theory of stationary
processes for identifying unit hydrograph model parameters.
Young et al (1971, 1974) and Whitehead and Young (1974) also
have worked in the model and parameter identification issues in water
quality issues. Veneziano (1974) and Bras et al (1975) have suggested
applications of estimation theory to other sampling problems in civil
engineering fields.
It is the author's opinion that the use of these techniques
in water resources (and civil engineering in general) deserve consider-
ably more investigation. There are many problems, in the field that fits
the desired framework, problems not only of model identification (or
estimation) and monitoringbut of control as well. Following is a brief
list of some water resources problems that, in theauthor's opinion
should be studied with estimation, filtering, or control theory.
1) The calibration and analysis of radar rainfall data together
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with observed raingage behavior can be studied as a
filtering estimation problem.
2) Identification of rainfall and runoff problems as well
as the study of "model error" may possibly be viewed as
a problem in model identification using linear filtering
techniques (see Schweppe, 1973).
3) Forecasting problems has long been recognized as an
estimation--prediction system. On-line discharge fore-
casting systems should be "updated" in real time as new
historical observations become available. Such updating
of forecast and model should be possible with a Kalman
filter approach.
4) The determination of reservoir operating rules with the
purpose of satisfying a given objective fits within the
framework of control theory, although the author foresees
serious difficulties in handling non-symmetrical loss
functions.
6.3 Further Research
As with most research, this work generated as many (or more)
questions than it attempted to answer. Following is a partial list of
some areas that deserve investigation in future work:
1.) The rainfall generator suggested in Chapter 4 should be
validated with data. This implies a considerable search
or collection of historical rainfall interiors. Data
should be analyzed not only to see the validity of Taylor's
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and isotropy assumptions but also to study the form and
parameters of possible rainfall correlation functions.
The parameters' behavior with sampling intervals, At,
and type of storms, should be a source of considerable
work. Also related is the study and classification of
storm types. The investigation of the probability den-
sity functions of storm velocities and directions to-
gether with their relation to the correlation functions
is another open area of study.
2.) The design of networks for determining long term average
rainfall characteristics like the time averaged areal
mean rainfall can be studied with the methodology used
in this work. Both, Rodriguez and Mejia (1974a) and
Lenton (1974) have studied this problem with a different
kind of framework.
3.) Infiltration should be included as added stochasticity
in studying network design in conjunction with runoff
models.
4.) The effect of utilizing other runoff models in the net-
work design should be studied.
5.) Extensive simulation studies should be done to corroborate
the analytical "mean square error" results obtained in
this work.
6.) Finally, the assumption of a perfect runoff model should
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be released. The presented techniques will allow a
similar analysis with parallel observations on a stochas.-
tic input (rainfall) and output (discharge). Related to
this is a necessity of studying runoff model errors.
This is a critical issue in determining the degree of
accuracy needed in the input since the quality of the
output will strongly depend on the inherent uncertainty
of the runoff model itself.
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Appendix 1
The last two terms in Equation (2-12) can be evaluated
(see Section 2.2.2) with integrals of the form
d'
r(r') f(r') dr'
-0
Al-1
Define the correlation function, r(r), with parameter
h' and on area A'.
Say interest shifts to another area, A", defined as
A" =
by -
A" h"2 = AT h1 2
This change in area implies that all distances are scaled
assuming areas are similar.
Therefore, for the new area, Equation Al-1 becomes
Sr(r") f(r") dr" =
-0 0
Al-2
where
r(r'
-h rh
= e hi
f(r' , -
hi
Therefore, Equation Al-2 becomes
-h'r'
e r (W)
h"
, f r'
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h' h' h'
r(r' t f (r' V) h" dr'
-d',, d'g
r(r") f(r") dr" = r(r') f(r') dr' Al-3
Equation Al-3 is the same as Al-i only that the limit
of integration changes and the new limit is only a function of Ah2.
The first term in 2-12 then obviously depends only on the
undimensional area, Ah
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Appendix 2
Analytical Evaluation of integrals in Mean Square Model Error
Expression, for the Quadratic Exponential Case. in a Sauare Area. A = 9,2
Double Integral Evaluation:
Changing variables,
2 Jf 2 2 MS e ar ,rd -
A2 drJ kr = 4
dy
_ -a,22 -2 x2
(--T y|)e dy (L- xl)e dx
The second integral in A2-1 is:
(A2-1)
(T -ixl)e dx = 2
-99,
x2 Je-22dx -
2X2
(k-x)e dx
xe -a dx
.0
letting u = ax
= 2 2r -t P0 (at9)- J ue 2duJ
2 a 0
wher e
2 f -x 2
0( e dx
-0
= error function
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(A2-2)
(k-- x ) (Z- jyj) e -a(2y dxdy
= 2 O(a) , eu2 j
= 0 (at) + 1 [e 1- ii
O2 L (A2-3)
The first integral in A2-1 is the same as the one given by A2-3.
Therefore,
L A
A2 AJ
-a2r 2
e dr'dr
-2
2
= 20 (t) + 2
r
2 F -a 2  2
A 2a4 A a0 (A a) + _-AIT
-. 2
2 2
-
111
I 2
(A2-4)
Equation A2-4 is only a function of the non-dimensional area
Aa2.
Now, terms of the form appearing in the last element of 2-12
can be evaluated as follows:
JA
-a2 (x-x,) +(y-y,) 2)
e dxdy = .9 2e [ ( X __X ) 2 + ( y y 2 ] d x d y
.0.0
Let u = x - x. V = y - y.
then,
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Finally,
(2-jx )eU 2x
a 2 [(x-x) 2+(y-y ) 2 f fx
e dxdy =
-ol 0o -y1. -x
= Yi
-y.
a(,-x.i)
1
-ax .
e 2 (U2+v 2)
e
222 fi
e dvj
-x.
Taking the right-most integral and changing variables,
k-x.
1
2 2
-a u
e du - 1
2
e dw
-6 L0 (a(2,-x.)) + 0 (ax.)2 10 i
By similarity then,
-a 2 ((XX 2+(y-y )
e
-A
dxdy = 2 T (.(P-X-) + 0(ax.)
at 2 1 0
0 (a (k-y )) + 0(ayi)] (A2-5)
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Appendix 3
Derivation of Equation (2-33)
Equation (2-22) defines the relation between the "prior",
j, covariance matrix and the "posterior" mean square error matrix as,
S[i T -i 1
Therefore,
-1= 1 + T -1H A3-1
Let the subscripts (1) and (2) define two consecutive
experiments, differing by the location of one station.
The difference between "posterior" covariance matrices
for the two experiments is then given by:
-1 -1
(2) - (l) = H (2 R H -H R H
-(2) - (2) -(1) - (1) A3-2
Def-ine H -(2) -(1)' then
-1 -1
1(2 -(1
-(2) - E(1)
T -1 ~ jT -1
= H R H + H R H
--(1) - - - - -(2)
By direct substitution it is easy to show that
T -l ~ ~ T -i TH.Tl R H + H R H = F F
-(1)w-e- - -(2) - -
where F is as def ined in Section 2.5.
A3-3
A3-4
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From A3-3 and A3-4 we then have
E -1= z + F I F T
-(2) -(1) A3-5
which by matrix manipulation becomes,
Z = ( - E F (F E F + I)1FT E A3-6
Equation A3-6 is Equation (2-33) whose derivation was the purpose
of this Appendix.
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Appendix 4
Network Design for the Estimation of Mean and Total Pre-
Precipitation - Computer Program
Following is a format and data needs description of the
program which performs the network design problem discussed in Chapters
2 and 3 of this work. Also included is a listing of the relevant coding.
As it stands, the program allows maximum array dimensions
of 20. All real and complex variables are double precision.
Matrix manipulations are mostly done with I.B.M.'s scien-
tific subroutines belonging to the SLMATH library. Some complex and double
precision matrix inversions are made with subroutines available from the
M.I.T. Information Processing Center.
The objective function, on which the network design is
based, is evaluated within a subroutine named OBJECT, thus easily allowing
variations in the definition of the objective function. As it stands,
the subroutine evaluates a linear objective function of the form:
m
0 A 2 + CA I C P A4-1
k=1
as described in the first chapters of this work.
As mentioned in the text, the program can evaluate func-
tional covariances of the Bessel or Exponential type.
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Card 1
Card 2
Card 3
DATA CARD DESCRIPTION FOR STATIC
NETWORK DESIGN PROBLEMS
This card gives the number of designs, IPROB, which
correspond to the number of stations, NS, to be allocated,
For each value of NS an optimization is done for the
number of weights, NW, given in Card 3. Therefore, IPROB
x NW is the total number of optimization problems solved
in a given run (13).
Reads in NSN(I), I=1,IPROB.
NSN(I) corresponds to the values of NS, the number of
stations, to be allocated in different problems (13).
This card must always be in and includes the following
variables:
NW number of problems (number of weights in
objective function) to be solved (14)
ND dimension of space or network. It can take
values 1, 2 or 3 (14)
NG number of points in network grid. (14)
NPS number of points where observations can be made
(NPS<NG) (14, 4x)
IOPTl takes values of 0,1 or 2; 0 implies covariance
matrix is read directly; 1 implies reading co-
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ordinates and calculating functional covariance
matrix, subjective probabilities are read in and
added; 2 implies the grid is rectangular and
only starting points and characteristic distances
are read in to calculate functional covariance
matrix, (Il)
IOPT2 takes values 1 or not 1 for diagonal or non-dia-
gonal observation error matrix (Il)
ERRVAR variance of model error (F6.0)
PRECI precision to which optimization wants to be
carried. It should be the minimum change in
objective function desired (F6.0).
PVAR point variance to be used if a functional co-
variance matrix is calculated. (F6.0)
BE Bessel function parameter to calculate a Bessel
type covariance function of form BE*V K (BE*V).
It should be zero if the functional form is not
used (F6.0)
EX parameter in an exponential type covariance
function exp(--EX*V). It should be zero if
this functional form is not used (F6.0)
LIMIT maximum number of iterations to be allowed in
optimization procedure (15)
Card 4 WEIGHT (I), I=1 to NW, values of different weights
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--
(or problems) to be used (D16.9)
Card 5
COORD(IJ)
Card 6
SUBJ(I,J)
ONLY IF IOPTi = 1
J=l to ND; I=1 to NG. The order of coordinates
should be by columns, that is the subscript J
moves faster (F4.2)
ONLY IF IOPTl = 1
J=l to NG; I=1 to NG values of subjective co-
variances to be added to calculated functional
covariance matrix. The subscript J (columns)
moves faster so input should be given accordingly
(F6.0)
ONLY IF IOPTl = 2
length of rectangular grids in
(F6.0)
length of rectangular grids in
(F6.0)
number of grids in x direction
number of grids in y direction
the x direction
the y direction
(13)
(13)
ONLY IF IOPTl - 2
Same as Card 4
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Card 7
XLEN1
XLEN2
NDl
ND2
Card 8
Card 9
PCOVA(I,J)
ONLY IF IOPTI = 0
J=l to NG, I=1 to NG, values of covariance matrix
moving faster columnwise (D16.9)
Card 10
MEAN (I),
Card 11
ID(J),
I=1, NG mean rainfall depth values (not
necessary) (D16.9)
J=l NPS Identification numbers of grids in
given area where observations may be made.
Numbering should be in ascending order from left
to right and moving up in space grid (13)
Card 12
ER(I),
Card 13
EQ EE
ONLY IF
I=l,NPS
each of
IOPT2=1
variance of measurement error at
the possible locations. (D16.9)
ONLY IF IOP2=1
diagonal terms of measurement error covariance
matrix will be EO+EE. Off diagonal terms are
given by EQ (D16.9)
EO+EE
Card 14
I=1 to NPS possible values of elements in
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Hl(I),
matrix H for allowed grid points (D10.3)
Card 15
C (I) I=1, to NPS costs associated with stations in
possible observation points (F6.0)
GAMMA (I, 1) I=1,NG vector of weights used in calculating
areal average from individual points (D10.3)
I=1,NS identification number of initial design,
places where stations are going to be located at start
of process. There must be IPROB of these
cards, one for each possible value of NS (13)
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Card 16
Card 17
INIT(I)
.THIS PROGRAM OPTIMIZES A DATA COLLECTICN ETkCRK FCP PEtSASRING 'A
SPATIALLY STCCF'ASTIC EVENT
PREPARED FY RAFAEL L. ERAS
VERSION AS OF 12/33/14
INTEGER SAVEI(2C)
CCkPLEX+16 F(20,2),P6(20,2),IR7(2,2 ),R8(2,20),R9(420,2C),ECMPLXCDET
IER
REAL*8 MAXDELMAXI-,MING,MEAN( 2C)NEiVARNEkCCODREALDSCRTDI AC
REAL*8 PCtVA(2,20),EP20),#F(20),CAMMA(20, I),f(20,2C)ERRCPR(2C,2C
1),R 1(2C,2C)tR2(2C,2C),P342C,20),P4(20,2C),P5(20,20),P1o (1,20),Rll(
21,1),Rl2(1, 1 )Rl3(2C, 2 C),SAVE2(20,2C),SAVE3(2C,2C) ,EIGHT(20),SoE
3TERNtCCST,ECEEDCLDI-,IV1,DIV2,ClREALSOLCRARG11,ARG12,ARG22,A
4RG21,DELTA,GVALIE ,DCUBLEE3 ,4,SSU, CPCSS (20,1), CRCS1, CROS2,CR0S11
5,CROS2MDERR, XRERESTOLD,ESTVARRR12,NEWESTNEtX, XCLC ,PRI1, INVC
60V(20,20),SCROSS,XNG
DIMENSION CCORD(20 3),tl(20) ,INIT(20),IW(RK(2,2), I IWCRK(?0,2)
SU3J ( 2C, 2C)yC( 2C ),NSN (20)
COPCN D3,D4,XLENIXLEN2, AREA3,EXEX2,BENGND 1,ND2
READ(5,28) IPRCPAREA3
28 FORMAT (13,F C.C)
READ(5,3)f(NSN.I),1=,IPRB )
READ(5,1)NW,NC,NGtNPS,OPTIOPT2ERRVARPRECIPVARBEXEXFx2,LIMI
IT
1 FCRPAT(414, 4X, 211,6F6.C, )
LOPT1 TAKES VALUES 0 CP 1 OR 2 - 0 IMPLIES COVARIANCE
1 IMPLIES READING CCCRDINATES AND CALCULATING FUNCTIC
PRCBABILITIES ARE READ AND ADDED 2 IMPLIES THE GRI
STARTING PINTS AND CFARACTERISTIC CISTANCE ARE READ
SUBJECTIVE PROBABILITIES
MATRIX READ
NAL PATRIX,
0 is SDLARE
IN, IGGEJHER
DIRECTLY,
SUEJECTIVE
AND CJLY
SI TH
READ (5,600J (WE 1C-T( I ), I=1,NW )
6CO FOR-AT(5D16.9)
READ(5,145) XLENI,XLEN2,ND1,ND2
145 FORMAT(2F6.0,213)
IF (ICPI1-1) 20,21,140
21 READ(5,2)I{COCRD(IJ),J=1,ND),I=1,NG)
tAINCCUI
?AINCG02
MAINCCC3
MA INCC04
NAINC005
MAINCCC6
MA INCO07
MA IN0008
MAINCCCS
MA INCC IC
mNA INCOl
IVAINCC12
MAINCC13
tvA INCO14
PA I NCC15
MAIN(C 16
MA INCO 17
VAINC018
MAINCC IS
MA INCO2C
MA INCO21
MAINCC22
MAINC023
MAiN0024
MAINCC25
MAINCC26
PAINCO27
PAINCC28
MA INCC2'9
MAINCO30
MA I C03 1
MA INC C32
MA INC033
MAINCO34
MAIN CC35
MA INCC36
REA E (5,4) ( (SUBJ ( IJ ),J=I,NG), I=ING
2 FCRPAT(20F4.2)
CALL CCVAR(CO0RDNDPVAR,SteJPCCVA)
IF (ND.FC.0) GCTO ICOC
C
C IMPORTANT ***********
C COORCINATES SHOULC BE GIVEN MCVING ROlm BY RCW
C LEFT CCRNER CF AREA
GO 10 25
140 REAC(5,4)((SUBJ(I,J),J=1,NG),I=1,NG)
CALL CCVARL(XLEN1,XLEN2,NLI,N02,PVARPCCVA
IF (NO.EC.0) GCTC 1000
GO TO 25
20 REAC(5,6C0)((PCCVA(I,J),J=I,NC),I=1,NC)
4 FCRPAT(13F6.0,2X)
25 READ(5,6CC) (MEAN(I) ,I=lNG)
REAlD(5,3)(IO(J),J=INPS)
C IMPORTANT *******4*1*
C READ INDICATCRS CF PCSSIBLE STATICN LCCATICNS
C NUMBERING IS LEFT TO RIGHT, BCTTCM LP
3 FCRPMAT2613,2X)
IF(I0P12-1)32,31,32
C 10PT2 CAN TAKE VALUES I CR NOT-1 FCR DIAGCNAL
C COVAPIANCE MATRIX
31 REAC(5,6CC)(ER(I),I=1,NPS)
GO TO 33
32 REAE(5,600) EOEE
7 FCRMAT (13F6.0 ,2X)
33 READ(5,8)(HI(I ) ,I=1,NPS)
8 FORMAT(M310.3)
REAC(5,7)(C(I),I=1,NPS)
READ(5,8)(GAMMA(I,1),1=1 ,G)
XNG=NC
00 8051 I=1,NG
8C51 GAPPA(I,1)=1.CCYXNC
C COMPUTE COUBLE INTEGRAL CF CCVARIANCE
, LEFT TC
,SUBJNO)
RIGHT FRCM BCTTCM
IN ASCENINC ORCER,
CR NCNCIAGCAL
REMEMBER
EPR OC
MA INCO37
MAINC038
MAINCC39
MA INC040
MAINCC4 I
MA INCC42
MA INC043
PAINCC44
MAINCCA5
MAINC046
MAINC047
MAINCC4E
MA INCC49
MAINC050
MAINCC51
MA INCCS2
MA INC053
PAINCC54
MAINCC5A
MA INC 056
PvA INC057
MAINCCcE
MA INC059
AI NC060
MAINCC6 1
MAINC062
MA INC063
MAINCC64
MA INCC65
IA 1N0066
MAINCC67
MAINCC6E
PAINCC69
MAINC070
MAINCC71
MAINC072
ON
CALL C INTEGOOUBLE )
WR IE (6 ,7C13) ECUELE
7013 F0RMAT(lHC,13X,'***0OUWLE ',D14.6)
oCUEL E=CCUeLE*PVAR
C COPPUTE DCUULE SUMPFATICN CF CCVARIANCE
IER=C
CALL MGCC(GAMMA,-2CPCOVA,20,,NGNGRCI,IER)
CALL DPvGG(RIO,1,GAMMA,20,1,NC,1,R12,1, IER)
SSUM=R12( 1,1)
WRITE( 6,7017) SSUM
7017 FCRMAT(lhO,13X,'4*SUM ',D14.6)
C COMPLIE SUM OF CCV(XIX)
CALL C INTEG(SCROSSCRC5S,P AR)
00 6051 I=lNG
DO 6C51 J=1,NC
6051 INVCOV(I,J)=PCOVA(IJ)
CALL OMINV(20,NCINVCOV, CETERMIIWORKIERR)
DO 998 KLL=1,IFPCE
NS=NSN(KLL)
C IMPORTANT 44****44*
C READ IN INITIAL CESICN, IF PCSSIELE IN ASCENCING ORDER.
C IS FROM LEFT TC RIGHT, BCTCP UP
REAC(5,3)(INIT(I),I=1,NS)
C FORM F ANE ERROR MATRICES, ALSC SUM INITIAL DESIGN COSTS
IER=C
COST=0 .CC
DC 40 I=1,NS
DC 41 L=1,NPS
IF(INIT(I)-IC(L))41,51,41
41 CCNTINUE
51 LL=L
COST=COST+C(LL)
0O 40 3=1,NG
H(IJ)=0.0O0
H(IINIT(1))=H.(LL)
40 CONTINUE
REMEMBER NLVBERING
-A I NC073
MA INCC]I4
MAINC075
PA ItC076
MAINCC77
MA INC C78
PAINCC79
MAINCCEC
MAINCC81
A INC082
PAINCC83
MAINC CE4
MA INC 085
PAINC086
MAINCCE7
MAIN0088
PA IN0C89
MAINCC9C
MAINCCSI
MAINC092
PAINCC93
MAINCCS4
MAINCO95
PAINOC96
MAINCCS7
PAINC098
PAWIC099
MA INC ICC
MA INO10 1
PA IN0102
MAIN C IC3
MA INC1CA
MA IN01C5
P AINCIC6
MA INC 1C7
MA INC108
-1
XCCST=SNGL (CCST)
C FORM ERROR CCVARIANCE
IF( IOPT2-1)52,53,52
53 DC 55 I=1,NS
DO 55 J=1,NS
IF( I-J )59,56, 59
56 CC 57 L=i,NPS
IF ( INI T 1()-IC (L)
57 CONTINUE
58 L L=L
ERRCR(IJ)=ER(LL)
GO TC 55
59 ERROR(IJ )=Cl.C0
55 CCNTINUE
GO TO SCC
52 D=EO/(EO+EE)
C 54 I=1,NS
DC 54 J=1,NS
IF(I-J)6C,61,6C
00 61 ERRCR ( I,J )=EC4EE
GC TC 54
60 ERROR(I,J)=D
54 CONTINUE
9CO ICCLNT=O
NN1f=C
IF IRST=1
C COMPUTE PCSTERIOR
C
FATRICES
)57,58 ,57
CCVARIANCE
MAINCICS
MA INC I IC
A INCll
VAINC112
MAINC113
IA INC 114
PAIN0115
MA INC116
MA INC 117
pA IN0 118
MAINC II
MA INC 12C
PAINC121
PAINC122
MA INC 123
PA IN0 124
PA I N 125
MAINC126
MA IN0 127
PA 1NC128
MAINC12S
MA INC 13C
MAI0C13 1
MAINC 132
MA INC 133
MA I N C 134
MAINC135
IA I0 136
KAI N0137
PA INC 13E
MA IN0139
MA 1N0140
MAINC141
MA INC 142
MA IN0143
MA INC 144
PATRIX
CALL CNPGCCPCOVA,20,HI,-20,NC,NGNS,Rl,2C,IER)
CALL DCC(H,20,R1,2ONS,NCNS,82,20, IER)
CALL DMAGG(R2,2CERROR,2CNSNS,3,R2,20,IEP)
IF(NS .NE. I) CCTO (397
R2 (1 ,1)=1./R2(1, p
GOTO '9S6
997 CALL CMINVf20,NSR2,DETERMII1WORKIERR)
C CCPLTE CRCSS TERPS FCR INITIAL EESICN
S96 CALL DPMGG(R,2C,R2,2C,G,NS,NS,R4,20,IEP)
CALL DPCC(R4,20,11,2CNGNSNGR3,2C, TER )
CALL OPGG(R3,20,CRCSS,20,NC,NC,1,R4,2C, IEU 
CALL DPMGG(GAMMA,-2C,R4,2C,lNGI,R1ll,IER)
CROS2I=Rll(1,1)
CALL CMCCIR3,20,PCCVA,20,NCNGN(,R5,2C, IER)
C CROiS TERM CCMPLTATICN
CALL OMM(C(GAMMA,-2C,R5,2C,1,NGNG,RIC,1,IER)
CALL CMCG(CRIO,1,GAtMA,20,1,NG,1,R12,1,IER)
CRCSII=R12( 1,1)
WRITE(6,7C21) CROS1,CROS2I
7021 FORPAT(1I-0,13X,'CROSII ',14.6,CROS21 ',D14.6)
C
CALL DMAGG(
CALL DMMGC
CALL DPGG(
ESTCLD=R12(
MOCERR=SSUM
XeLL=SCRCSS
PC CVA,2CR5,2CCNG,1,R5,20,1ER)
(GAMMA,-20,R5,2C,1,NGNGR1C,1,IER)
R10,1,CAPMA,20,1,NC,1,R
1,1)
+DOUBLE-SCRCSS
-2 .C0*CRCS21-2.C0*SSUM +
12, 1, IER )
2.CC4CROS 11
OLDR=MODERR+E S1CLD+XCLC
RELEVANT CATA IN CASE
JECTIVE FUNCTICN
170 1=1,NS
AVE1(I)=INITi I)
C 171 I=1,NC
DO 171 J=1,NG
AVE21IJ)=R5(IJ)
C 172 1=1,NS
00 172 J=lNG
AVE3(I,J)=H(I,J)
ITE(6,200) NSNC
RMAT(lH1,25X,39HTHIS
TIONS OF A TOTAL OF
PROBLEM IS REPETEATED
PRCeLEM CPTIPIZES
I3,7H PCINTS)
kI TH CIFFERENT CONSTANTS
TFE LCCAT ICN CF ,3,24H S
WR[TE(6,2Cl)
2CL FORPAT(lH ,25X,36FPPICR CCVARIANCE PATR IX IS CIVEN EY:)
MA INC 145
VA I\G146
MAINC147
MA INC 148
MA INC149
PA! NC 15C
MAINC 151
A IN0 152
PAI h0 153
MA IKC 154
MA IN G155
PA I0156
MAINC 157
MA INC 158
PA INC 159
MAINC16C
MA INC 161
PA INC162
PAI NC 163
MAINC164
YA IN0 165
IAI NO 166
MAINC167
MA IC0 168
PAI 0169
MA INC 17C
MA IN G171
MA IN0 172
MAINCI73
MA INC 174
MA INC 175
PAINC 176
MAINC177
MA IN0 178
MAINC179
MA INC IEC
I)
C
C
SAVE
IN 08
DO
170 S
D
171 S
0
172 S
WR
2CO FO
ITA
ED 2C2 I=1,NG
202 WRITE(6,203) (PC0VA(IJ),J=1,NJG)
2C3 FCRPAT(1H ,10E12.5)
WRITE(6,2C4) PRECI
204 FORMAT (1-0, 25X,80t-0PT IMIZA TION PROCEEDED U
IBJECTIVE FUNCTICN WAS LESS TI-AN:,F6.3)
WRITE(6,2C5)
205 FORMAT(1F0,25X,27HINITIAL CESIGN IS GIVEN
WRITE (6,206 )(INIT (I), I=1,NS)
2C6 FORMAT(H ,3913,13/)
WRITE(6,207) XCOSTCLDR
2C7 FORMAT(1-0,25X,26CCST CF INITIAL CESIGN I
IROR VARIANCE,D13.6)
WRITE(fgC) ESTOLC,MCDERRXCLD
5000 FCPPAT(lf-C,25X,121-VARIANCES: , 11-ESTIMATI
16,7H CRCSS ,013.6)
WRITE(6,2C8)
1 208 FOKAT(HF0,25X,201-INITIAL f- MATRIX IS:)
DC 209 I=1,NS
S2C9 iARIlE(6,2l0) (H(IJ),J=ING)
210 FORMAT(1F- ,12010.3)
WRITE(6, 11)
211 FORMAT(1HC,25Xv2HINITIAL A PCSTEPICRI CCV
00 212 I=1,NG
212 WRITE(6,203)(R5(IJ),J=1,NC)
C CHEC TYPE CF EPPCR MATRIX ANE INVERT IF N
IF (IOPT2-1.) 11C,4CCC,11C
110 CALL CPINV(20,NSERRORCETERMIIWORKIIERR)
4CCO CONIINLE
270 NNU=NN+U+l
INCIC5=1
ICFAN=0
C INITIALIZE SEARCH PARAPETEPS
111 MAXEEL=C.COC
IN[1=0
I N2=
N I IL MAXIMLM CHANGE IN C
B Y:)
S ,F9.2,2X,22[INITIAL ER
ON ,0 13. 6, 11 P0OCEL ,013.
ARIANCE PATRIX IS:)
CK CIACONAL
MA IN0 181
MAIN0182
MA INC 183
MA IN0184
MA 1N0185
MAINC 1 E6
MA INC 11E7
PA IN0188
MAINC 1E9
MA INC 19C
IVA I N0191
PAINC192
MA INC 193
pA IN0 194
PAIN0195
PA INC 196
MA IN0 197
MA IN0198
MA INC 199
MAINC2CC
PA IN0201
PAINC2C2
MA IN C2C3
IA IN02C4
PAINO205
MA INC2C6
MA IN0207
MA IN0208
MAINC2CS
MA INC2I1C
PA IN021 1
PAINC212
MAINC2 13
PA IN2 14
PAINC215
MAINC2 16
MAX-=C. CrC
I CCUNT= ICCUNTi I
DC EC I=l,NS
C CHECK IF THIS ROh AS THE CNE CHANGED IN
IF (I-ICI-AN) 81,80,81
81 ICLD=INIT(I)
OLDH=H(I,ILD)
I(I, IOLC)=0.00C0
IND=1
C SEARCH ALL ELEMENTS IN A PCW
00 84 J=1,NG
C CHEC IF ELEMENT J IS AN ALLOWEE SITE
IF (J-I0(IND)) 84,83,85
C CHECK TFAT ELEMENT IS NCT A NCN ZERC CNE
83 00 300 NN=1,NS
IF (J-INIT(NN)) 300,85,300
3CO CONTINUE
C SET ELEMENT J TC CORRESPONCING F VALUE
86 H(I,J)=Hl(IN0)
C FORM F MATRIX ACCORDING TO TYPE CF ERPCR
IF (IOPT2-1) 91,9C,91
90 0 100 II=1,NG
DIVl=H(III)/D5CRT(ER(Ih0))
F( I I,2 )=CCMPLX(DIVI,0 .CDC)
ICO F(II,1)=CMPFLX(0.0C0,0.0CO)
DO 6CCC KK=i,NPS
IF (IOLD .EQ. 10(KK)) GCT 6CC1
6000 CCNTINUE
6 C DI V2=.LCH/[SQR T (ER (1<1) )
F(ICL, 1)=DCMPL X( C.CD CIV2)
GCTC 105
91 DL=ERRCR(IJ)/[SCRT(E8RCR(IJ))
00 ICI II=lNG
DIVI,= (III )*Cl
F(II ,2)=CCMPLX(CIVl,0.0C0)
ICI F(IIl)=0CMPLX(C.C0C,C.CCC)
PREVICUS PASS
IN At0 RCa
MA IN 0217
N A I NC218
MA INC2 IS
MA INC220
P A I N0221
MAINC222
MAINC223
MAIN0224
MA IN C225
MAINC226
MA IN0227
PAINC228
MAINC229
MA IN0230
PAIrN023 1
MA IN C 23 2
MA IN0233
MAIN234
MAINC235
MA INC236
VAIN0237
MA I NC23 8
MAINC23%
MA IN0240
PAINC241
MAINC242
MA INO 243
PAIN0244
MA INC24
MA INC246
PAIN0247
MAINC248
MA INC 249
M A INC250
MAINC251
MA INC 252
DIV2=fI1( IOLC)*CI
F( ICLH,1 )=CC14PLX (0.0C0,CIV2)
C COMP:TE CHANGES IN CCVARIANCE
105 CO 3CCC I1=1,NC
CC 3000 J2=
REAL5=R5 (II
3CCO R9(Il,J2)=C
CALL CPMGC(
CALL CFMGG(
R7(1,1)=R7(
R7(2,2)=R7(
1,N c
,J2)
CMPLX(REAL5,C.CCC)
R9,F,RtNG,NG,2,20,20,20, 2,2C,2)
FR6,R7,-2,NG,2,20,2,20,2,2,2)
1, 1)-#( 1.CDC,C.CDC)
2,2)4(1.000,0.0D00)
S= 1 . CD-6
CALL CCMINV(2,2,
CALL CNMCC(87, F,
CALL CVPGC(F,R8,
DO 115 I=1,NG
0C 115 J2=1,NC
115 R3 (1
CALL
CALL
CA LL
COMPL
CALL
CA LL
CA LL
l,9J2)=CREAL(
DNMGG(RS,2C
OMMGG( R4, 20
ONAC ( PS ,20
TE ELEMENTS
DMAGG( PCOVA
UNPCG(CAMMA
DOMGG( RIO ,I
CROS I=R11(1, 1)
CALL
CALL
CALL
CRES
CA L L
CALL
IF (I
IF (
CALL
R7,CDETERIftRKSIE
R8, 2,-2,NC, 2,2,20,2,
P9,NG,2 ,NC,20,2,2,20
RR)
2, 2C)
,20,20
R9(11,J2) )
,R3,2C,NGNGNGR4,20,IEF)
,R5,2C,NG,NGNG,R3,2CIER)
, 83,20,NCNC, 1, R3, 20, ER)
CF CRCSS TERM CF TRUE ERPCH V
,20 ,R 3,20 ,NGNG, 1,R 4, 2C, IER)
,-20,R4,20, 1,NGNCR IC, I, IER)
,GAtMA,20,1,NG,1,R1l, 1, IER )
NAIN0253
IA-INC254
MAINC255
IAINC256
NAIN0257
MAINC25E
MAINO259
NAIN0260
MAINC261
PAtNC262
PAINC263
MA INC264A
YA I\0265
PAING266
MAINC267
MA 1N0268
"A 1N0269
PAINC27C
PA INC22 1
PAIN0272
PAINC273
MAINC274
PA 1NC275
P A I C276
PA INC2 17
NA IN0278
NAIN0279
PAINC2EC
MA IN028 1
NAIN0282
MA INC283
MA INC24
N A Ir C285
MAINC2E6
MAINC2E7
NAIN02H8
AR IANCE
DIP'GG(R4,20,INVCCV,20,NCNCC,R2,20,IER)
DMMGG(R2,2CCROSS,2CNCNG,1,R4,2C,IEP)
CPPGG(GAP MAt-2CR4,2ClNG,1,Rll,1,IER)
2=R11 (1 ,1 )
DNMGG(GAPNA,-2C,P3,2C,1,NGNC,91C,1, IEP)
CMMCC( RIO, 1,GAMMA, 20, 1,NG, 1,RI11 1, IER)
FIRST .NE. 1) GCTC 350
INDIC5 .EC. 0) GCTC 35C
DMMGG (GAYMA,-20,R5,2C, 1,NGNGRIC, 1, IER)
4S
C
C
CALL Dt'GG( P10 ,1,CAPMA,20,1,NC, 1,R12, I, IER)
IND IC5=C
ESTOLP=R12( 1, 1)
0LCR=ESTCLC+MCCEFP+XCLC
RR 12=OLDR
C COMPUTE OBJECTIVE FUNCIICN ARGUMENTS
350 ARGll=ERRVAR+RR12
ESTVAR=R11( 1,1)
XTERM=SCROSS-2.DO*CROS2-2.CG*SSYLP+2.DC*CPCS1
RRI 1=ESTVAR4MOERR-+XTERM
ARG12=CCST
ARG21=ERRVAR+RP 11
DO 4C01 KK=1,NPS
IF (ICLC .EQ. IC(<i)) CCTC 4002
ACC1 CONJINLE
4C02 ARC22=COST-C(KK )+C(INE)
CALL CEJECT(ARCIIARG12,ARC2lARG22,WEICTCEL
C CHECK ANC STORE YAXIMLuP DELTA ANC PLACE W-EPE
IF (CELTA.LE .MADEL ) GCTC 85
MAXCEL=CELTA
MING=GV4LUE
INC 1=1
INB2=J
MAXV=F(IJ)
NE VAR=RR 11
NEWEST=ESTVAR
NEWX=XTERM
NE CCS=ARG22
DO 120 LI=lNC
00 120 LJ=1,NC
120 R13(LI,LJ)=R3(tILJ)
85 IF(IND .LT. NPS) INC=IND+1
84 1I-iJ)=O.OIDO
H(IICLD)=CLDH
FO CONIINLE
C MAKE CI-ANGES IN H MATRIX
IA ,GVALLE ,NNif)
IT OCCURS
MAItC28%
MA INC2SC
M A I NC291
PAINC2.2
MAINC2S3
MAINC294
MAINC295
MAINC296
MAIN0297
PA INC298
MAINC2cS
MAINC3CC
MA IN 0301
VAIN C3C2
MAINC3C3
VAI\C3C4
VAIN\0305
MAINC3C6
MA INC307
MAIN0308
MAINC3C9
MA INC31C
MA INC3 11
NA INC3 12
MAINC3 13
MA INC 314
PAIN03 15
MAINC3 16
MA INC317
PA INC3 18
MAINC319
MAINC320
MA IN032 1
PAINC322
MAINC323
PAIN0324
IF (INCI .EQ. 0) GOTO 7000
H(INC,INIT(INCl))=0.C0C
H ( IN I, IN2 )=MA XH
ICF A N= IN E
INIT (I NDI)=INC2
C STORE NEW COVARIANCE MATRIX
00 125 LI=I1,NC
DC 125 LJ=1,NG
125 R5(LI,LJ)=R13(LILJ)
COST=NEWCOS
RR12=NEWVAR
C IF STARTING NEk PRCBLEM WRI
IF (IFIRST .NE. 1) GOTC 225
WRITE(6,220) NNiWEIGFT(NNW
220 FCRMAT(1H1,15HIF
IICIENT,016.F,2 27
IF IRST=0
225 WRITE(6,215) VAX
215 FORMAT(lH
1UNCT ION V
XNEk=SNGL
UR I TE(6,2
216 FORMAT(1-
1 COST CF,
17H CROSS
WR ITE(6,2
IN R5
TE PERTINENT
),CLDR
IS IS PRCBLEV,13,36-
AND INITIAL ERRCR VA
fEA[INC
WIT- CEJECTIVE
RIANCEC13.6)
FUNCTION COEFF
CEL , M ING
C,25X,26HMAXIUM DELTA CFTAI
ALUE IS,Ll5. )
(NEWCCS )
16) NE1AVAR ,XNEh,NE1AESTMCCER
,2
F12
tEC WASC13.4,28F CeJECTIVE F
5X,34HNEW DESIGN GIVES ERROR VARIANCE CF,1D15.(,12H AAE
.2/26X,21-VARIANCES:ESTIMATICN ,014.6,7H MCCEL ,014.6,
,D14.6)
17)
217 FCRPAT (1 ,25X,49-TE NEW LESIGN IS GIVEN 8Y T-EE FCLLOUINE STATIC
IS)
WRITE((,2C6)(INIT(I),I=1,NS)
XVAXC=SNCLfMAXEEL )
IF(XVAXL .LE. FRECI) CTC 250
IF (ICCUNT .LE. LIMIT) GOTC 111
WRITE (6,230)
230 FORPAT(1t-O,25X,46f-***44TPIS FROELEM EXCECEC ITERAJICN LIMITS*****)
CCO RIIE(6,7C1) NkhEIGHT(N NAW)
001 FORMAT(1I- ,20X,ehPRCBLEM ,13,4CH ENCEC NCRMALLY, NC EETTER CESIGN
PAIK0325
MAINC326
MAINC327
PA INC328
MAINC 329
MA IN033C
P INA0331
MAINC332
MAINC333
pA IN0334
PAINC335
MAINC336
MAINC337
PAINC338
MA INC339
VA INC 340
PAlN0341
MAINC342
MA INC343
MA INC344
PA INC345
MA INC346
A IN0347
MAINC348
MA INC349
PAIN035C
PAIhC351
MAINC352
MA INC353
NA IN0354
MAINC355
MAINC356
MA IN0357
PAI NC35E
MA INC 359
MA INO 360
N
7
7
IFOLNO.,35H CBJECTIVE FUNCTIEN CCEFFICIENT WAS,E16.8)
WRITE(6,7CC2) CVALLE,DELTA
7002 FORPAT(If- ,25X,'LAST OeJECTIVE FUNCTICN VALLE',015.6,' LAST CELTA'
,D15.6)
250 IF{NNW .GE. NW) GOTO 26C
DO 251 I=1,NS
251 INIT(I)=SAVEL(I)
DO 2 I=1,NG
00 252 J=I1,NG
252 R5 (I ,J )=SAVE2 (I ,J)
DO 253 I=1,NS
DO 253 J=1,NG
253 H( I,J )=SAVE3( IJ)
IFIRST=1
ICOJNT=C
COST=XCCST
GO1D 27C
260 CONTINUE
998 CONTINUF
IlCC0 CONTINUE
CALL EXIT
END
MAINC36 1
VAINC362
NAIN0363
MA INC 365
MAIN 03 65
fAIN0366
MAINC367
MA INC368
MA IN0369
MAI\C37 C
M A I N 0372
P A I ? 0 3 1 3
MAINC37A
MAINC375
PA INC376
MAINC371
PA IN0C378
PAINO379
MAINC3eC
MA IN038 1
PAIN0382
SUBRCUJINE CCVAR(CCCRENC,PVARSUEJPCCVA)
REAL*8 PCOVA(2C,2C),03,D4
DI VENS ICN CCORC (20, 3), SUBJ (20,20)
CC'CNt" 03,C4,XLENXtN2, A EA3, EX, EX2,BE ,NCND1,NC2
GIVEN CCORDINATES EVALLATES CCVARIACE PATPIX CF TIE EXFCfENTIAL
OR BESSEL TYPE, ADDS SUBJECTIVE VARIANCE5 TC ELEFEHS IF ANY
IER=O
C=C.
C
C
I
J, 2 )-CCCIM ( I, 2) )**2
CCVACCC1
COVACO2
CCVAC03
COVA C C C4
COVACCC5
CCVAC006
CCVACCC07
CO VACCCE
CCVACCC9
CCvACo10
CCVACC 11
CCVAC012
CCVAC013
CO VACC14
COVACC15
CCVA016
CIVACC17
COVACCIE
CCVACC19
CCVAC020
CCVACC21
CCVAC022
CCVACC23
COVACC24
CCVAC025
CCVACC26
CCVACC2]
CCVAC028
B=C .
IF (NC .EC. 3) C=.
IF (NO .EC. 2) E=I.
DO ACC 1=1, NG
00 400 J=1,NG
XDIST=SCRT((CCCPC(Jl)-CCCR(I,1))**243*(COORD(
1+C*(COCRD(J,3)-CCCRD(i,3))**2)
IF (BE .NE. 0.) GOTC 4C1
IF(EX2 .NE. 0.) CTC 402
PCOVA(I,J)=EXP(-EX*XOIST)*EVAR+SUEJ(I,J)
GOTO 4CC
401 ARCE=PE*XCIST
CALL BESKIARGB,1,RKIER)
IF(IER.GT.1) ND=0
PCCVA(I,J)=EE*XCIST*RK*PVAP-+SUEJ(I,J)
GOTC 4CC
402 PCOVA(IJ)=EXP(-EX2*(XODIST*2.))*PVAR+SLeJ(1,J)
400 CONTINUE
RE TLRN
ENC
SUBROUTINE OBJECT(ARGIIARG12,ARG21,ARG22,bE IGFTCELTA ,GVLLENW)
REAL*8 WEIG1-T(2C),ARG11,ARC12,ARG21,ARG22,DELTA,GVALLEGVAL
GVAL=AG11+-,-1EICHT NNW)*ARC12
GVALUE=ARG21+KEIGHT(NNM)*ARG22
DELTA=CVAL-CVA LUE
RE TLRN
END
CEJ C001
CEJ C02
06 J CCC3
flBJ CCC'4
CEJ C005
OB J CCC6
oBeJ CCC7
SUBRCUTINE COVARItE
DIMtENSION X(20),Y(2
REAL*8 PCOVA(2C,2C)
DIENSICN C(20,20),
lSUBJ(2C ,2C)
COPMCN D3,D, XLEN1,
IER=O
I CUT=6
C
C FIX CCORDINATES
C
Y( 1)=DY/2.
X( 1)=DX/2.
00 10 I=2,NX
LC X(I)=X(I-1)+DX
DO 2C J=2,NY
20 Y(J)=Y(J-1)+DY
00 25 J=lNY
00 25 I=1,NX
00~ K=(J-1)*NX+I
CCCREX(K)=X(1)
CCCRUY (K)=Y J)
25 CONIINLE
C
C
NT=NX*NY
DO 3C I=I,NT
00 30 J=1,NT
IF(I.EC.J)GC TC 40
D(I,J)=SQRTt(CCCR0Y(I
IF (PE.LE.C.)GO 10 32
V=BE*C(I,J)
CALL HESKI(V,1,P , IER)
PCOVA( IJ)=V*R<
IF(IER.GT.l) ND=O
GO TC 35
XCYNX,NYVARPCOVA, SUeJNC)
0)
, D3, l4
COCR0X(20),CCORDY(2C),
XLEN2 ,AREA3 ,EX ,EX2 ,BE ,AC , N1, NC2
CCV
CCV
CCV
CCV
CCV
CoV
CCV
CCV
CeV
CCV
CCV
CeV
CoV
CCV
CCV
CoV
CCV
CCV
CCV
CCV
CCV
CCV
CCV
CCV
CCV
CCV
CoV
CcV
CCV
)-CCCPCY (J))**2+(CCCRiX (I)-CCCREX(J))4*2) CCV
CCV
CCV
CCV
CoV
CCV
CcV
C0 .1
CCC2
C0a3
C004
CCC5
c06
C007
CcC8
ccCS
C010
C011
CC12
CC 13
C014
CC15
CC 16
C017
cc18
ccI
C020
C021
C C22
C C23
CC 2
C025
CC26
CC2~-
0028
CC2S
CC3C
C03 1
C032
CC33
CC34.
C35
C036
32 CONIINLE
IF (EX .LE. C.) GOTC 33
PCCV A ( I, J)=EXP (-EX*C( I,J ))
GC IC 35
33 PCOVA(IJ)= EXP(-EX2*(D(IJ)**2.))
GTC 35
PCCVA(I,J)=l.OO
PCOVA(I,J)=VAR*FCCVA(IJ)+SBL J(IJ)
CONT INUE
RETLRN
EN )
CoV CC37
CCV C038
CCV CC39
CCV CC4C
CeV C041
CCV C042
CCV CC43
CCV CC'A4
CCV C045
Ccv CC46
CCV CC 47
-Is
'-0
40
30
SLERCLTINE CMNGG ( A ,PC ,A ,NP ,NC ,IN ,2 ,13 ,A ,N5 ,l6)
C TI-IS SUCRCUTINE MULTIPLIES TWC COMPLEX VAIRICES A*B ANC PUTS 1FE RESLLT
C IN CCVPLEX C. NA IS TFE PCWS YCU WANT TO MULTIPLY IN A, NP ARE THE RCWS
C EQUAL TO THE CCLUV'NS CF A, NC APE TI-E CCL UVNS CF C. IF A IS REALLY T-F
C TRANSPOSE CF Tf-E TRANSFERRED MATRIX PAKE NA NEGATIVE.
C SIVILAPLY FCR e VA)FE NP NEGATIVE
COMPLE X* 16 A ( P1,I2 , ( P3,I P ),C(N5,P6
Nl= IA0S(NA)
N2=l4PS(NP)
N3=I APS(C)
DC 2CCC 1=1,NI
DC 2COC K=1,N3
C (I, < ) = (0.0 co ,O .0 C )O
DO 2CCC J=1,N2
IF (NA .GT. 0) GC TC 2(C I
C (IIK )=C ( 1,K)+.A( JI1 )-8(JK)
k GCTC 2CO00
2C01 IF(NH.CT. C) CC1C 2C02
C( I ,K )=C( I K) +A I , J )*f- (K, J
CCTC 2CCO
--2 C02 C( IIK) =C ( I, +t I , J)*E(J, ) K
2(C0 CONIINLE
RE TURN
FN[
CF C,
CIVCCC32
CVMGCCCCpm-GCc0l5
CPVGCCC6
CPMGCCC7
C VGCCC9
CVMCCC 11
C C 0 012
CPVGCC13
CPCCC 14
CPVGCC 1
C, Pv(C 016
C I NGC 017
CPVGCC1PO
CvvGccc19
C VGC020
CPVGCC21
CmGCcC22
CPCCC-24
Cl'V'CCC024
FUI\CTICA CREAL (X)
REAL*8 DREALDIPAG,RES(2)
COMPLEX*16 XXX
ECLIVALENCE (XXRES(1I)
XX=X
DRE AL=RES( 1)
RETURN
ENTRY CIFAG(X)
XX=X
DIIAG=RES(2)
RE TLRN
END
CREACCC1
CREACCC2
CREACCO3
DREACCC4
DREACCCS
CREACCCL
DPEAC007
DREACCCE
EREACCC9
CPEAC00
DREACClI
CREACC12
U1
H'
SUBROUTINE WIEP ( IER ,ANE)
RETURN
END
W IERC CCI
WIERC002
bIERCCC3
J
N?
N?
SUERCUTINE CINTEC(SCRCSSCROSPVAR)
REAL*8 SU?,SCfCSSCPCSS(20,1 ),CSQRTXN,XI,XJXINT, 2,C', ,XX
COPIMCN 03,D4, XLENXLEN2,APE A3,EXEX2 ,E EtC,I1,N12
SUM=.C O
XN=NC
DO 7 I=1,ND2
0O 7 J=lNDI
XI=((I-I)-.5)*XLEN2
XJ=((J-1)+.5)*XLENI
XXX=XINT(XJXI)
SUM=SUm+XXX
WRITE(6,7C15) XXX,SUP.
7015 FORMAT(IHC,13X,'**CPOSS ELEMENT 1,014.6,7XC14.6)
CRCSS((I-i)*NCtJ, I)= XYX*PVAR
7 CNTINUE
SCR0SS=(SUM*2.C )/XN*PVAP
WRITE(6,7016) SCROSS
7016 F0RI AIT1IF-0,13X,'***SCPCSS TERM ',[14.6)
RETLRN
ENE
k1
C INTCC01
C IN(CC2
C INT CC C3
C INTC004
CINICCC5
CINTCCC
CINTCCC7
C INICC08
C INI( CCC
CINTCO 10
C IKTIC011
C INlCC12
C INTC013
C INTC014
C INICC15
C INTCC16
C INTC017
C INT C018
C 1NTCC IS
CINTC020
REAL FLrCTICN X INT*8(XJX I)
REAL*8 SI,52,S3,S4,E3,C4,ApPItX I,XJ
CCPMCN C3,it, XLEN1, XLE 2, ARE A% EX ,EX2 ,PE ,NC, K0D1, 02
ARI=C .C0
SI=XLFN2*ND2-XI
S2=XLFN 1*ND 1-XJ
S3=X 1
D 3=S 1
C4=S2
CALL APEA(AP)
ARI=AR1 +AR
03 =S I
04= S -
CALL AREA(AR)
AR1= AR 1AR
D 3 = S 3
04=S4
CALL AREA(AP)
AR I=AR I + AR
XINICCCl
X INICCC2
X INTCCC3
X I t\CC C4X I N I C C C 4XINTCCC5
X 11\TCCC6
XIITCCC7
X INICCCE
X INTCCC9
X INTCC 10
XINICCII
X INTCC12
X INTC013
X IN ICC 14
XIN C C 15
X I N T C C 1
X INTC017
X IN ICC 1
X INITCC 19
X INTC020
XIN1CC21
X INICC22
X INTC023
XIN1CC24
XIN1CC25
X INTC026
X INTCO27
X INICC28
X INTCC29
X INTC030
x INJCC3 1
G3 =S3
D4=S2
CALL AREA(AR)
AR 1= AR 1 +AR
XINT=AR 1/AREA3
RETURN
ENE
C
c
C
C
L,
SUERCUTINE AREA(AR)
EXTERNAL FR
REAL*8 SMAXDSCRTARCtIN,C1AXC3,C4,VAL,FP
CO"MUN C3,D4,XLENlXLEN2,AREA3,EXEX2,BEN,NDliN2
AR=C .0
SMAX=DSQRT(03*C3+U4*04
IER=C
IF(C3 .LE. r4) CTO 15
DMIA=D4
DMAX=D3
GCTC 16
15 DPIN=D3
DMAX=D4
16 CALL DQGF(FRO.OOMIN,4E,VALIER)
AR=AR+VAL
CALL DCGFtFRDlNI',AX,48,VALIER)
AR=AR+VAL
CALL CCCF(FPCMAXSMAX,48,VALIER)
AR=AR+VAL
AR=AR*'3*4
RETURN
END
APEACGOI
AREACCC2
AREACCC3
AREACC04
AREACCC5
AREACCC
AREACC07
AREACCC8
AREACCCS
AREACCIC
AREACOI1
AREACC12
AREACC13
AREACO14
AREACC15
AREACCIl
AFEAC017
AREAC018
AREACCIS
AREAC020
AREAC021
AREACC22
"A
REAL FUNCTION
REAL*8 F1,R,V
FR=Fl (V)*RIV)
RETURN
ENC
REAL FUNCTICN
REAL*8 V,0EXP
COFMCN 03,04,
IF(V .LT. 0.0
50 FORMAT(' ERRO
DEX=EX
DEX2=EX2
DBE=BE
IF(V .LT. C.1
IF(HE .NE. 0.
IF (EX .NE. 0
FR*E( V )
0*8 (V)
,R<(2),03,04,CEX,DEX?,EC E,[ 1ST
XLEN 1, XLEN2,AREA3,EX,EX2 ,BE ,NGND I1N2
0) WRITE (6,50)
R IN R(V). V IS LESS TIAN ZERC')
0-2C) GOIC
) OT10 IC
.) GCTC 20
4C
FR C001
FR C002
FR CCC3
FR C0C4
FR COC5
FR CCC6
FR CCC7
FR C08
FR CCC9
FR CCIC
FR C01I
FR C012
FR CCL3
FR C014
FR C015
FR CC16
FR 0017
FR 0018
FR CC19
FR CC2C
FR C021
FR CC22
FR CC23
FR 0024
FR 0025
FR CC26
FR CC27
FR 0028
FR CC29
FR CC3C
FR 0031
FR CC32
FR CC33
R=DEXP(-CEX2*(V**2.))
IF(R .LT. 0.1C-70) R=0.CO
RETLRN
10 IER=0
DIS1=DEE*V
CALL DeKS(DIST, IRK,IER)
R=EIE*V*RK (2)
IF(R . LT. 0.1E-70) R=0.C0
RETURN
20 R=CEXP(-CEX*V)
IF(R.LT. 0.10-70) R=0.C0
RETLRN
40 R=1.co
RETLRN
END
C
C
I
REAL FUNCTICN fl*E(V)
REAL*8 C3,C4,PIT-ETI2,CAkSIN
COm'CN 03,4, XLENIXLE2,AFEA
P 1=3.14 1592690C
IF (03 .GF. 04) CCTC 10
C
C CASE WIEN C4 IS GREATER THAN C3
C
IF (V .LF
IF(V .CT.
IF (V .GT
GCTC 2C
10 CONTINUE
,VICARClS
3 ,E XtE X 2,EE, FC, t CIvNE2
. 03) 1FET12=PI/2.C
03 .AND. V .LE. 04) THET12= OlAP
* C4) TET12=EARSIN(03/V)- APCCS
SIN (03/V)
(04/V)
Fl CC01
F1 C(C2
Fl CCC3
F1 CC04
FI CCC5
Fl CCC6
F1 C007
FI CCCa
F CCC s
F C01C
F C 011
F1 CCl2
Fl C013
FL C014
FL CC15
Fl CC l
Fl C017
Fl C018
F1 CCIc
Fl C020
C
C CASE kFEN 3 IS GPEATER TFAN C4
C
IF(V .LE.
1 IF (V .CT
IF(V .CT.
, 20 CONTINUE
P4) TFET12=PI/2.OC
. [4 .ANC. V .LE. 03) TFET12=Pl/2.CC- ARCCS(04/V)
C3) IFET12=EARS I\ (U3/V)-CAR CCS([4/V)
I FI=V*TFET12/(C34C4)
RFTLRN
F N G'
F
F
F I
C02 1
CC22
C02 3
t.
SUflRCUTINE DINTEC(UCUBLE)
REAL*8 ,YFCTXFAREA,CSCPT,CEXP,EARCOSX5,YLEN1,I'LEN2,DCUBLEt,03,
1)4
COPMON C3,04,XLEN1,XLEN2,AREA3,EXEX2,BE,NI\DI1A2
EXTERNAL FCT
YLEl=NC1*XLEN1
YLEN2=NC2*XLEN2
D=CSCRT(YLEN1*42. + YLEN2*42.)
Y=FAPEA(C.CC,C,FC1,150)
DOUBLE=Y
RETURN
END
E INICTOO
DItICCC2
D IN ICC C 3
C INTCCC4
OINTC005
DINICCC6
CINTCO007
[ INTOG08
ID IN ICCC9
C INTC IC
C INTCOl
CINACC12
I
REAL FLNCTICN FC1*8(X)
REAL 8 X,FIF2,FC,F ,P ,XL ,S2 ,DSRT ,EXF
13, C4,0EXrEX2,CEC IS T
COPPCN U3,I4,X.LEN1,XLE2, APEA3, EX, EX2,
DEX=EX
EEX2=EX2
Ce E=BE
XL=5QR T(AREA3)
IF (XLEN4*NDI .CE. XLEN2*ND2) GCTC f Ill
XLL=SQPT((XLEN2*NC2)/(XLEN1*ND1))
GCTC 6112
f1)1 XLL=SQRT((XLEN]4NUI )/(XLEN2*ND2))
6112 P=X/XL
IE=H=C
IF (X .1T. .C50C) GC IC 2CC
IF(EX .NE. 0.) FC=DEXP(-DEY*X)
IF(EX? .NE. 0.) FO=CEXPE-CEX2*(X**2.))
IF(BE .EQ. C.) GCTC 6CO
IER=C
CIST=X*[EE
CALL DOKS(CIST,1,IRKIEP
GOTO 5CC
2000 FO=1.CO
GOTC 6CC
5CO FO=DBE*X*RK(2)
600 S2=CSQRT(XLL**2.+(l.DC/XLL**2.))
IF(P .LE. S2 .ANC. P .CE. 0.CO) GCTO 2
Fl=C.fDC
GOTO 201
2CC F1=3.14159265C04(P*42.)-2.04P*(XLL+1.
2C1 S3=0SQRT(1.DO+XLL**4.)
IF(P4XLL .LE. 53 .AND. P *XLL .GE. 1.C
F2=0 .00
GITC 2C3
,IARCCSqFI(2),XLLS3,S4,F3,E
eE,NCN I, NC2
CC/XLL
C) CciC 202
202 F2=2.DC*DSQRT((P*XLL)**2.-1.DC)-2.CC*CARCCS(1.O/
ILL442.))*(P*XLL-1.EC)4*2.
(F*XLL))-(1.CO/(X
FC1 CCCI
FCT C02
FCT C003
FCI CCC4
FCT CCC5
FCT CC06
FCI CCC7
FCT CCCE
FCT CCC9
FC T 0010
FCT CCII
FCT CO12
FCT C013
FCl CC14
FCT CC15
FCT C016
FCl CC17
FCT CC1
FCT 0019
FCT 0020
FCl CC21
FCT C022
FCT C023
FCl CC24
FCT CC25
FCT 0026
FCI CC27
FCT CC2[
FCT 0029
FCT CC3C
FCT CC31
FCT 0032
FCT 0033
FCl CC34
FCT 0035
FCT C036
N)
Ln
,C c
t2C3 S4=CDSQRT(. O+(1 .E0/XLL)**4.)
IF(P/XLL .LE. 54 .AND. P/XLL .GE.
F3=0 .C0
GOTC 205
2C4 F3=2.DC*DSQRT{ (P/XLL)**2.-i.DO)-2
1)*(P/XLL-1.00)*42.
2C5 F=F0* (1.CO/XL )* (2.CO*P4 (Fl.F2+F3)
FCI=F
RETURN
ENE
1.00) GCTC 204
.EC*[APCCS(1.CO/(P/XLL))-(XLL**2.
FCI CC37
FCT C038
FCT CC39
FCI CC4C
FCT CCA1
FCT C042
FC I CC43
FCT CC44
FCT CO45
FCT C046
0
t~
REAL FUNCTICN FlREA*8(A,P,FCT,N)
REAL*8 A,B,H3,S,FCT,3 ,C4
COVCN 3,04,XLEN I, XLEN2,AREA3,EX ,EX2 ,BENG ,ND 1,002
H= (B-A ) /N
IF(N .EQ. 1) GCIC IC
S=0. co
NM=N-1
00 1 I=1,NM
1 S=S+FCT(A+I*H)
FAREA=*((FCT(A)+FCT(E))/2.+S)
RETIRN
10 FAREA=C.5D0*H*(FCT(A)+FCT(B))
RETURN
END
FARECCC 1
FARECC02
FARECO03
FARECCC4
FARECCC5
FARECCC6
FARECCC7
FARECCCE
FARECCC9
FARECOLO
FARECCI1
FARECO12
FARECO13
FARECC14
ON'
F"
Appendix 5
Rainfall Generator
Following is a data card description and listing of the
rainfall generator described in Chapter 4.
The program generates exterior characteristics from exponen-
tial distributions. Interior generation is done by sampling from the
spectrum of a single exponential correlation function.
There are two options of graphical output representation.
One is a linear hyetograph, plot of rainfall distribution in time at
any given station. The other is 2-dimensional areal plots of the storm
at a given time.
Both point and mean areal intensity values can be generated.
As it stands, the program uses a constant correlation param-
eter for all generated storms. Similarly it is presently programmed
for a given storm velocity moving in the direction of the defined
x axis.
The generator is programmed in Fortran IVG and was tested
in an IBM 370/168. Core requirements are about 220K.
- 262 -
Data Cards for Rainfall Generator
Card No. Variable Description Format
1 IOPTST(N), N=1,25 Id's of stations whose 2512
hyetograph is desired
2 ISKIP time intervals at which 13
2-dimensional storm
graphs are desired
MAXTIM maximum number of 13
2-dimensional plots,
per storm, desired.
Default value is 5
3 XLEN length in miles in the
x direction of area
(if rectangular) F6.0
YLEN length in miles in the
y direction of area
(if rectangular) F6.0
NX grid dimension in x
direction 15
NY grid dimension in
y direction 15
- 263 -
Card No. Variable
NPTS number of points in area 15
ISEED odd integer less or equal
to 5 digits, seed for random
number generator 15
IND1 0 generate point coordinates
in regular grid
1 read coordinates of points 12
IHARM number of harmonics used
in generation 110
IPLOT 1 graph output hyetograph
2 do 2 dimensional plots
of storm
3 do both types of plots 13
4 MTAU mean time between storms F10.0
VTAU variance of time between
storms F10.0
MDEPTH mean storm depth F10.0
VDEPTH variance of storm depth F10.0
MTDUR mean of storm duration F10.0
VTDUR variance of storm duration F10.0
5 U storm speed (mph) F10.0
C correlation function param-
2 6 4 eter F10.0
Description Format
Card No. Variable
DELPER percent time interval of
undimensional hyetograph F10.0
VMIN synoptic standard deviation
at a point, noise or std. dev.
related to rainfall before
storm reaches point F10.0
YEARS number of years of generation
desired F10.0
AREAL "Areal" for average areal
intensities, "point" for
point intensities A4
6 PINT(I) ordinates of
I=1,...1/DELPER undimensional hyetograph 10F8.4
7 VINT(I)
I=1,...l/DELPER std.dev.(in pct.) of
undimensional hyetograph l0F8.4
8 IX10 Thes variables are odd 15
1IX20 integers 15
IX30 less or equal to 5 15
digits in length
- 265 -
Description Format
Card No. Variable
COORDX(I)
I = 1, NPTS
COORDY (I)
I=1,NPTS
x.coordinate of points
y coordinate of points
- 266 -
9
(only if
IND1=l)
10
(only if
IND1=l)
13F6.2,2x
13F6.2,2x
Description Format
0C THIS PROGRAM GFNERATFS STCRMS EXTERIORS IND INTERTORS
C------AUTHORS R. L. BRAS AND W. HILL
INTEGER ETC
RFPL INT(50,60),MTAUMTEUR,MDEPTH
COMMON /A/ RES (10,60),TCTDEP(50),X(50),Y(50),COoRDX(50),INT,
1COORDY(50),VINT(50),AIN'T (50),PTNT(50) ,VPINT(50), MTAUTDURNTDUR,
2DEPTH,DFLPER,DTC,MDEPTH,VTAU,VDTR,VDEPTHTAH,TTOTAL,DATE,TTIME,
3VMINDT,C,UXLFN,YLENNXNYNPTS,NDTNPERISEEDTX1OIX20,1X30,
4IOPTST(25),IND1,IHARMIPLOTISKIP,AREAL
COMMON /F/ MAXTIM
CALL INPUT
READ(5,999) (TOPTST(N) ,N=1,25)
999 FORMAT(25T2)
C ISIKP THE NUMBER OF TTmE INTERVAlS SKIPED IN THE 2D PLOT
READ(5,991) ISKIP,MAXTTM
991 FORMAT (2I3)
IF (ISKIP.LE.0) TSKTP=1
IF (IND1 .EQ. 0) GOTO 9
PEA D(5, 27) (COORDX(I),I=lNPTS)
READ(5,27) (COORDY(I),I=1,NPTS)
27 FOPMAT(13F6.2, 2X)
GCTO 6
9 CALL COORE
DATE=DATF+TDUR/24.
6 CALL EXTER
CLL MFAN
CALL RAIN
CALL STORM
CALL PRINT1
IF (IPLOT.NE.1.AND.TFLOT.N.3) GOTO 100
CALL PLOT1
100 CONTINUE
TF (IPLOT.NE.2.AND.TFLOT.NE.3) GOTO 110
CALl. PLCT2
110 CONTINUE
TF(DATE.IE. TTIME) GOTC 6
MAIN00 01
MAIN0002
MAIN0003
MAIN0004
MAIN0005
MAIN0006
MATN0007
MAIN0008
MAIN0009
MAIN0010
MAIN0011
MP IN00 12
MAIN0013
MPIN0014
MAIN0015
MAIN0016
MAIN0017
MAIN0018
MA IN0019
MATN0020
MI IN0021
MAIN0022
MAINO023
MAIN0024
MAIN0025
MAIN0026
MAINO027
MAIN0028
MAIN 0029
MAIN0030
MAIN0031
MAL IN0032
MAINO033
MAIN0034
MAIN0035
MAIN0036
0 0 00
S 0 0
CALL EXIT
END
0
MiIN0037
MAIN OO38
003'
0SUEROUTINF INPUT
INPUT ALL NECESSAIY DATA FOR SUBROUTINES
TNTEGER DTC
REAL INT (50,60) ,TAU,,MTLUR,,DvPTi
COMMON /A/ RES(10,60) ,TCTDW (50) ,X(50) ,Y (50) ,COORDX (50) ,TNT,
1COORDY (50) , VTNT (50) , AINI (50) ,PINT (50) , VPTNT (50) , mTAU, TDUR, MT DUR,
2DFPTH, DE LPER, DTC, MDEPTH, VTA U, VDU R, VDEPTi, TA U, TTOTAL, DATE, TTI ME,3 VMINDTCUXLE~NYLEN,NX,NYNPTS. NDT, NPER,ISEEDIX10,IX20,IX30,
4TOPTST (25),IND1, THAR MrIFLOT, IIp, IREAL
C READ DIMENSIONS GE AFEANUMBER OF POINTS AND DISTANSE BETWEEN THEM
C---TPLOT=1->CALL PLOT1:TPlOT=2->CALL PLOT2:TPLOT=3->CALL BOTH.
READ (5,2) XLEN,YLEN,NX,NY,NPTS,ISEEDIND1,IHARM, IP LOT
WPTTE(6,2001) IHARM
2001 FCRMA T (' IHA RM=',T12)
TF (IHARM.GE.600) IHAPM=50
2 FORMPT(2F6.0,4I5,12,I10,I3)
AREA=XLEN*YLEN
C READ VELOCTTY,C,TIME OF STORM DURATIONITS MENMEAN OF TIMF BETWEEN
C SlORMSDEPTH OF STORM AND PERCENT INTERVAL
RED (5, 3C) NTAU, VT IU,MDEPTH,VT)EPTH,MTDUR,VTDUR
30 FCRMAT(6F10.O)
READ (5,3) U,CDELPER,VINT,YEARS, RE.L
3 .FRMAT(5F10.0,6X,A4)
ITTME=YEARS*36 5.
NPEP=1./CELPFR
C READ INTE-NSITY AND ITS VARIANCE
R E D(5,1)(PTNT (I) ,I=1, N PFR)
READ (5, 1) (VPINT (I) , T=1, NPER)
1 FCR MT(1GF8.4)
DO 6 J=1,10
X (J) =0-
Y (J)=0.
READ (5, 4) TX 10,-IX20, TX3C
4 FCRM RMAT(315)
T4RITE (6,27)
27 FORMAT(lH1,30X,'TNPUT INFORMATION ')
INPU000 1
INPU0002
INPU0003
INPU 0004
INPU005
TNPU0006
INPU0017
INPU0008
INPU0009
INPU0010
INPU0011
INPTJO012
INPU0013
INPU0014
TNPJ0015
INPU0016
INPU0017
INPU0018
INPUTO019
INPUI020
INPU0021
INPU0022
INPU0023
INPU0024
INPU0025
INPU0026
INPU0027
I NPU0028
INPU0029
INPU0030
INPU0031
INPU0032
TN PU0033
INPU0034
INPU0035
INPU0036
r'Q
0WRITE (6,28)
28 FOPMAT (1H0,2(
WRITE(6,29) Y
29 FORiMAT(1H ,6
1T4,5X,INY
2QlhT)= ',F7.3)
WRITE (6,35)
35 FCRMAT (1H0,20
R TTF (6, 36)
36 FOFMPT(14 ,20
WRITE(6,37) M
37 FCPM7T (1H ,2X
WRTTE(6,38) M
38 FOR'MAT(1H ,1
WETTE(6,39) M
39 FOR M AT (1H , 1.3
X, 'PREA DFPCRIPTIGN:')
LENYLENNXNYNPTS,C,ARiA
,'XLEN (MI) - ',F6. 2, 3X, 'YLEN (Ml) = f -' 6.2,3X,IX = U,
,14,3X,f'NG.FTS. = ',I4,3X,'COV.PAP..=',F6.2,3X,'AREA (S
X,'STORMS fXTERI0R STATISTICS:')
x,'mplANl,6X,'VARTANCF*)
TAU,VTAU
,'TIME PET. EVENTS',F6.2,6
TDUR, VTDTJR
X, 'DUPATTON', F6.2,6X, F8.3)
DEPT HVDFP1 H
X,I*DEP)T H , F6.2,6X, F8. 3)
X, F8.3)
FITE (6,40)
40 FORMI T(10, 20X,UUNDIMtNSIONAL MEAN STORM:')
WRITE(6,41)
o 41 FOPMAT (111 , 20X, ' INT ENSIIY (TN) ',5X,' STD.DEV.')
DO 90 L=1,NPFR
90 WRTTE(6,42) PINT(L) ,VPTNT(L)
42 FORMAT(1H ,25XF8.4,5XF8.4)
WRTTE(6,43) YEARS
43 FORMAT(1HO,'TOTAL PERIOD OF GENERATION WILL BE',F7.2,1X,'YFARS')
C INITIALIZE VARIAPLES
DATF=0.0
TAU=0. 0
TrUP=0.0
TIOTAL=0.
RFTURN
END
IN P U 0 037
INPU0038
INPU0039
INPU0040
INPTUO04 1
INPU0042
TNP U0043
INPU0044
INPU0045
INPU0046
INPU0047
!NPU0048
INPJ0049
INPU050
INPU0051
TNPU0052
INPU0053
T NPU0054
INPU0055
tNPU0056
TNPU0057
INPU0058
TNPU0059
INPU0060
INPU0061
INPU0062
INPTU0063
INPU0064
INPU0065
INPUO066
INPTJ)O67
INPU0068
0 0 0 0
0 0 0 0
SUFROUTINE EXTER
C GEN"FRAT2S STORM EXTERTOF
TNTEGER DTC
REAL INT (50,60) ,.MTAIJ,MTrrR, MDEPTH
COMMON /A/ RFS (1O, 60), TCTDEP (50) , X (50) ,Y (50) ,COORDX (50) ,TNT,
1COORDY (50) , VINT (50) , AINT (50) , PINT (50) ,VPINT (50) , MTA U, TDJR, MTDUR,
2 DE PT TvD E LPE RDT C ,MD E PT TVT AU, V DU R, VDE PTHjT A UTT OT ALvD A TTT I M, 
3VMINDT,CU,XLFNYLENN(,NYNPTSNDTNPERISEEDTX1OIX20,TX30,
4.IPTST(25),IND1,THAPM ,IF 1OTTSKTP,AREAL
2 G ENFRPTE STORM PARANETEFS
Z I A M1 = 1. 0 /M TA U
ZLA.M2=1. 0/MTrUIR
BFTA=MDEPT H
C CALCULATE TIME BETWEEN STORMS FOR NFXT STORM
CALL GEN(IX1OZLAM1,TD)
TA U=TD
DATE=DATE+TAU/24.
C CALCULATE TIME OF DURATION OF ACTUAL STORM
CALL GEN (1X20,ZLAM2, TD)
TDUR=TD
C CALCULATE DEPTH OF ACTUAL STORM
CALL GEN (IX30, BETATD)
DEPTH=TD*T DUR
RETURN
END
0 0 0
EXTE0001
EXTE0002
ErXTFOO03
EXTRO004
EX E0 005
FXTE00 07
FXTFO008
EXT E)009
EXTE0010
EXTE001 1
EXTE0012
EXTEO13
EXTE0014
EXTE0015
EXTE0016
FXTE')0 17
EXTE00 18
EXTEOO19
F XTE0020
EXTE0021
EXTE0022
EXTE0023
EXTE0024
EXT70025
0 0 0 0
SUROTTINE GEN(IXZLAM,I)
C THIS SUPPOUTINE FINDS TEF VALUE OF
DESCRIBE A STORM
CATL RFANEU(IX,IYX)
IX=IY
T=- (ALOG (1 .0-X) ) /LAM
RETURN
END
SUEROUTINE MEAN
C CREATES MEAN AEPFAL STCFM AND ITS
INTEGER DTC
REAL TNT(50,60),MTAUMTEURMDEPTH
CCMMON /A/ FS(10,60),TCTDEP
1COORDY (50) , VINT (50) , A IN 1 (50)
2EPTIDELPERDTC,MDEPTH,VTAU
3VMIN,DT,C,U,XLENYLEN,NXNY,
4I0PTST(25),IND1,IHAR'M,IFLOT,
C ALCULATE TIME INTERVAL
ET= DELPFR*TDUR
DTC= (XLEN/U) /DT+1
NET=NPFR+DTC+1
C CALCULATE TIME INTERVAl
DC 1 J=1, NPER
AINT (J) =DEPTH*PINT (J)
VINT (J)=DEPTH*VPINT(J)
RETU RN
END
(50) ,X
,P PINT (
, VDUR ,
NPTS, N
IS KTP
THAT GEN
GEN
GE N
G EN
GEN
GENGEN
GEN 0009
GEN 0010
GEN 0011
GEN 0012
VARIANCE
(50) ,Y (50) ,COORDX (50) ,INT,
50) , VPINT (50) , MTA U, TDU P, MTDU P,
VDFPTHTAUTTOTALDATE, TTIME,
DTNPFRTSFED,IX10,TX20,IX30,
A R EAL
GEN
GEN
GEN
G EN 1
GEN
GEN
GEN
GEN
GEN
GENGE N
GENGEN
-1
0 0 0 0
TIME OP DEPTH P IRAETPERS
0 0 0
0001
0002
0003
0004
0005
0006
0007
0008
0013
0014
0015
00 16
0017
0018
0019
0020
0021
0022
0023
0024
0025
0026
0027
0 0 0 0
SUBROUTINE STORM
C FCRM STORM TNTERIOR BY tU1TIPLYING RESTDUALS PY VINT
INTEGER DTC
REAL TNT (50,60) MTAUMTEUR, MD"PTT-
CC MMON /A/ RES(10,60) ,ICTDEP (50) ,X(50) ,Y (50) ,COOPDX (5C) ,INT,
1COORDY (50) ,VINT (50) ,AINT (50) ,PINT (50) ,VPTNT (50) , M TAU,TDUP, MTDUJP,
2 DEPTH,DELFER,DTCMDEPTH,VTmAVDUR,VDEPTH,TAUTTOTAL,DATETTIMF,
3VMTNCTCTJ,XLEN,YLEN,NXNYNPTSNDTNPEPTSEEDIX10,IX20,TX30,
4ICPTST (25) ,TND1, IH ARM,IPLOTISKTPPRFEAL
DC 60 L=1,NPTS
60 TOTDEP(L)=0.
DO 1 J=1,NDT
DO 1 K=1,NPTS
L1=(COOriDX(K)/U)/DT
IF (i-1-1)2,2,3
3 3 TF((J-1-L1) .GT. NPER) GOTO 2
AVG=ATNT(J-1-L1)
VAR=VTNT (J-1-L1)
GO TO 4
2 AVG=0-.
VAR=VMTN
4 INT (K,J) =AVG+FES (KJ) *VA
IF (INT (K, J) .LT. 0.) INI (K, J)=0.
TOTDEP (K)=TOTDEP (K) +TNT (K,J)
1 CCNTINU 
RETURN
END
0
STOROGo1
STOR0002
STOR0003
ST OP0004
STOIR0005
STOR0006
STOR0007
STOP0008
STOR0009
STOR0010
STOR0011
STOR0012
STOR0013
STOR0014
STOROO15
STOR0016
STOR0017
STOR0018
STOR0019
STOR0020
STOR0021
STOR0022
STOR0023
STOR0024
STOR0025
STO0R 0026
STOR0027
0
0 S
SUVPR0ITTNF PRINT1
INTFGER ETC
RElAL INT(50,60),MTAU,MTURI, DEPTH
COMMON /A/ RES (10,60) ,TCTDEP (50) ,X (50) ,Y (50) ,COOPDX (50) ,TNT,
1COOPDY (50) ,VINT (50) ,AINT (50) , PINT (50) , VPTNT (50) ,MT U,TDUP , T DUP,
2DEPTH, DEL EERDTCMDEPTHVTAUVDUPVDEPTJTAUTTOTALDATE, TI IMF,
3VMINDTCUXLEN,YLEN,NXNYNPTSNDT,NPEPTSFEDIX10,IX20,TX30,
4 IOPTST(25),IND1,IHARMIFLOTITSKTP,AREAL
DATA XM/ Ml'/
WBITE (6, 1)
1 FORMAT(1H1,20X,'GENERATED STORM INFORMATION')
WRITE(6,45) U,TDUR,DFPTE
45 FORMAT (1H0,20X,'VTELOCITY = ,fP6.2,3X,'DjRATION(HRS)=',T
1AL PFAL MEAN DEPTH(IN) ',F8.4)
WRITP(6,46) DATE
46 FCPNMT(1H0,20X,'DATE CF OCCURANCF FROM INITITL TIME(DA
IF (AREFAL.Ll.XM) GOIC 100
WPITF (6,2)
GOTC 101
100 WRITE (6,20)
101 CONTINUE
20 FORMAT (1H0,3XI TIMEI,3X, AR PEA ID',3X,'XCOoRD (MI)',3X,'
1, 3X, ' SIEUAL', 3X, ' DEFT H/DT (IN) ')
2 FOPMAT(1H03X,'TTIF',3X,'PoINT TD',3X,'XCOORD(MTI)',3X,'
1,3X,'PESTEIPL',3X,'DFPT /DT(IN)')
DO 4 J=1,NDT
TIMF=(3-1)*DT
DO 4 I=1,NPTS
4 WRIT E (6,9) TIM, C, OOR D X (I) ,COOR DY (I) , RES (IJ) , INT (TwJ)
9 FORMAT(lfi ,F8. 3,5XI3,4 (5X, F8. 4)
qFITE (6,13)
13 FCRIV-T(1H,12X,'STATTCN',5X,'TOTAL DEPTH')
DO 17 M=1,NPTS
17 WITE(6,1-) MTOTDEP(M)
15 FORMAT(1H ,15XI4,9XF7.3)
RETURN
6.2,3X,'TOT
YS) , F8. 3)
YCOORD (MI)'
YCOOR1i(M I) I
PRIN0O01
PRI NO 00,2
PRIN0003
PRIN0004
PR TNO005
PRIN0006
PPIN0007
PRIN0008
PRIN0009
PRIN0010
PRIN0011
PRIN0012
PRTNO013
PRIN0014
PRINOO1 5
PR N0016
PRIN001 7
PRIN0018
PRIN0019
PRIN0020
PRIN0021
PRI N0022
PRIN0023
PPIN0024
PRIN0025
PRIN0026
PRIN0027
PRIN0028
PRIN0029
PRIN0030
PPIN0031
PRIN0032
PRIN0033
PRIN0034
PBTNO035
PPIN0 036
4
rLIOONI 1d G
0  S 00
0SUBROUTINF TO CALCULATE COORDTNATES IN UNIFOPM GRID
C PCTNTS ARE ASSUMPD IN CENTER OF EACH GRID
SUBROUTINE COORD
RE Al INT (50,60) , MTA AUvMTTUp, MDEPTH
INTEGER DTC
COMMON /A/ RES(10,60),TCTDEP(50),X(50),Y (50),COORDX (50),INT,
1COORDY (50) ,VTNT (50) ,AINT (50) ,PINT (50),VPTNT (50) ,MTAU,TDUR,MTDUP,
2DEPTH, DELPERDTCMDEPTH,VTAUVDURVDEPTHTA1JTTOTALDATETT.ImE,
3VMN, DTC, UXLNYL EN,NXNYNPTSNDT,NPFR,ISEED,IX10,IX20,IX30,
4IOPTST (25) , IND1, IH ARMTF LOT, ISKIP,A REAL
DX=XLEN/NX
DY=YLEN/NY
C SFT FIRST COORDINATE ECINTS
Y (1) =DY/2.
X (1)=DX/2.
DO 10 I=2,NX
10 X(I)=X(I-1)+DX
DC 20 I=2,NY
20 Y (I) =Y (I-1) +DY
DO 25 J=1,NY
DC 25 I=1,NX
K= (J-1) *NX+T
COORDX (K)=X(I)
COORDY (K)=Y (J)
25 CCNTINUE
RETURN
END
0
COORJ00 1
COOR0002
COOR0003
COOP0004
COOR0005
COOP0006
COOR0007
COOP0008
COOR00 09
COOR0010
CooPo 11
COOP0012
COOPOO13
Copoo14
COOP0015
COOR0016
COOR0017
COOR0018
COOR0019
COOR0020
COOR0021
CO(R0022
C00R0023
CoO PR0024
COOR0025
COOR0026
C00P0027
SUEROUTINF RAIN
INTEGER ETC
PEAL UAMDAA
REAL IN I(5(,60) , MTA U#, TEUR, MDISPT H
COMMON /A/ RES (10,60) ,TCTDEP(50) ,X(50) ,Y (50),CCORDX (50) ,INT,
1COORDY (50),VINT(50),AINT (50) ,PTNT (50),VPINT(50),MTAUTDUR,M1TDUR,
2DEPTH, DELPEPDTC, MDEPTH, VTAU, VDUR, VDEPTH, TAUTTOTAL, DATE,TTIME,
3VMuIN,DT,C,U, XL'EN,YLFN, NXNYNPTSNDT, NPERTSEEDIX10,IX20,IX30,
'4IOPTST (25) ,IND1,IHARMIPLOFT,rIKP, APEAL
DAIA YM/ M'/
DC 10 K=1,NPTS
DO 10 J=1,NDT
10 RES (K,J):=C.
------ TO REDUCE HARMONICS,ALTEP FQUAT ION(") BELOW
C- IHARM=5C
DO 20 T=1,IHARM
CALL RGEN(X1,X2,X3,X4)
Li-=XLEN/NX
L2:=YLEN/NY
C...... APFAL='APEAl' POTNT' IT IS INPUTED WITH OTHER DATA.
IF (AREAL.GT.XM) GOTO 45
LAMDPh= (4./(L1*L2*COS (X3) *SIN (X3) ))*SIN ((Li *COS (X3) *X1)/2.)*
Q SIN (L2*SIN (X.3) *X1/2.)
GO TO 60
45 LAMDAA=1.
60 CONTINUE
DC 25 L=I, NDT
DC 25 K=1,NPTS
P=COOPDX (K) + (U* (L- 1) *DT)
25 RFS(K,L)=RES(KL)+LAMDAA*COS((P*COS(X3)+COOPDY(K)*SIN(X3))*X1+X2)
20 CONTINUE
DO 30 L=1,NDT
DO 31 K=1,NPTS
30 RES (KL)=RES (KL)/(IHARY**.5)
RETURN
END
RAIN0001
RAIN0002
RAIN003
RAIN0004
pA IN0005
RAIN0006
PAIN0007
RAIN0008
PATNO009
RAIN0010
RAIN0011
RAIN0012
R At T N 00 13
PAIN0014
RAIN0015
PAIN0016
RPA IN0017
RAIN0018
PAIN00 19
RPIN0020
RAIN0021
RiIN0022
PAIN0023
RAhIN0024
RAIN0025
PA IN0026
RAIN0027
RAIN0028
RA 1N0029
RAIN0030
RA N0031
RAIN0032
RAIN0033
RAINO034
PAIN0035
RAIN0036
SUF ROUTTNE R(;N (X1,X2,X3,X4)
INTEGER DTC
RFAL TNT (50,60) , MTAU, mTrUR,, IDEPTR
CCMMON /A/ RES(10,60),TCTDEP (50) ,X(50) ,Y (50) ,COOPDX (50) ,INT,
1CGORDY (50) ,VINT (50) ,ATNT (50) ,PINT (50) ,VPINT (50) ,MTAUTDURMTDUR,
2 DEPTHDELPERDTC,MDPT,vTATJVDUR,VDEPTH,TAITTOTALDATETTIME,
.VMIN, DT,CUXLENYLENNXNYNPTSNDTNPERISF- DT X1,IX20,IX 30,
410PTST(25),IND1,IHARM,TPLOT,ISKTP,AREAL
P1=3. 1416
CALL FANDU (ISFEDISEEB)
Y1= (( (1./ (1.-R)) **2-1.) **.5) *C
CALL RANDU
X2=2.*PI*R
CALL RA NEU
X3=2.*PT*R
CAL RANEU
X4=2.*PI*P
RETURN
END
RGEN0001
PG F N 0002
RG EN000 3
RG EN0004
R G L- N () 0 ) 5HG ENQ0065RGP-N0006
RGEN0007
RG EN 0008
RGEN0009
RGEN 01 0
RGEN0011
RG"N0012
RGEN001 3
RGEN0014
RGE N0015
RG N0016
RG EN0017
RGEN0018
RGEN00 19
(ISFED, ISEEE ,E)
(ISEED, ISF e, R)
(I SEF-D, TSFF D, F)
00
0SUBROUTINF PLOT1
C<<<THTS PLOTS EPTH OF RAIN IN A TIME VS. DEPTH GRAPH. (6STATIONS).
INTEGER D'IC
INTEGFR CPTSTA
REAL INT (50,60) , MTA U, T EUR, MDEPT11
COMMON /A/ RES (10,60) ,TCTDEP (50) , X (50) ,Y (50) ,COORDX (50),TNT,
1COORDY(50) ,VINT(50) ,AINT(50),PINT(50),VPTNT(50),MTAU,TDUR,MTDUR,
2DEPTHDELPERDTC,MDEPTHVTAUJVDUR,VDEPTH,TA1JTTOTAL, DATE,TTME,
3VMINDT,C,J, XLEN,YLEN,NX,NYNPTSNDT,NPFPISREDTX10IX20,IX30,
4ICPTST (25) ,IND1,TH AR M,IPLOT,ISKIP,AREAL
LIMENSICN OPTSTr(6)
DIMENSION STORE (9)
DIMENSION TSCAL E(5)
DIMFNSICN CHAR(5)
DIMENSICN PLOT(110,20),CODE(7)
D.AT CHAR/' ', '-',o' I , +1, m'/
DATA CODE/'1','2','3','41, 5#,'6' ,'*1/
C...... CPTSTl->CPTIONS OF WHTCH STPTIONS SHOULD BE PRINTED
READ THE STATIONS TO BE PRINTED IN A LINEAR PLOT.
ITI OPT=0
77 CONTINUE
DO 777 TTOPTS=1,6
OPTSTA (IIoPTS)=IOP'ST (IIIOPT*6+IIoPTS)
T ITOPT=ITTOPT+1
777 CONTINUE
IF (OPTSIA(1).LE.0) GOTC 78
DC 200 N=1,6
200 IF(OPTSTA (N).LE.0) CPTETA (N)=N
IF (!PEAL.LT.CHAP (5)) GCTO 750
W RITF (6,104) D ATE
GCTO 751
750 WFITE(6,1C8) DATE
751 CONTIN UE
MA XTX=1CC
I A XIY=2 0
MA XTXP=110
PLO 1000 1
PLO10002
PLO10033
PLO10004
PLO10005
PLO10006
PLO10007
PLO10008
PLO10009
PLO10010
PLO1001 1
PLO 10012
PLO 10013
PLO10014
PLO10015
PL010016
PLO10017
PLO10018
PLO10019
PLO10020
PLO10021
PLO10022
PLO 10023
PLO10024
PLO10025
PLO10026
PLO10027
DEFAULT PLO10028
PLO10029
PLO10030
PLO100-31
PLO10032
PL 01003 3
PLO10034
PTZ1 0035
PLO 10036
DO 10 I=1,IAXIXP
DO 10 1=1,MAXIY
PLOT (I,J) =CHAR (1)
IF ((1-1) . EQ. (10* (1/10))) PLOT (I, J) =CHAR (3
EF ((J-1) . FQ. (5* (J/5) )) PLOT (IJ)=CHAR (2)
IF (J.EQ.tMAXIY) PLOT (TJ)=CHAR (2)
10 CCNTTNUE
C...FIND LAPGEST VALUE
DM3 X=0
DO 4 I=1,NPTS
DO 4 J=1,NDT
4 IF (INT (IJ) .GT-DMAX) EMAX=INT (I,d)
SCALFY=3.*DMAX/2.
SCALEX=DT*NDT
C INTENSTTY->INT(STATICN,TTME)
ISIZE=100/NDT
IGRAPH=ISIZE*NDT
DO 21 IX=1,,IGPAH,SI7ZF
DO 22 ISTAT=1,6
IY=MAXIY+C. 4999 -MAXIY*INT (OPTSTA (ISTIT),
IF (IY.GT.MAXIY) TY'=MAXIY
IX9=IX+ISIZF-i
IF (PLOT (IX, TY) .GE.CODF (1) .AND. PLOT (IX, IY)
IF (PlOT (IX , TY) . NE. CHAR (1) . AND.
A PLOT(IXIY).NE.CHAR (2) AND.
B PLOT (IXIY).N-.CHAF (3)) GOTO 60
DC 50 K=IX,IX9
50 PLOT(K,Y)=CODE(ISTAT)
GCTO 70
60 STORE(1)=PLOT(TX,IY)
I IX=IX
MULT=1
IX 1.=IX+ 1
DC 61 IIX=IX1,IX9
MTILT= M ULT+1
IF (STCRE (1) . EQ. PLOT (TIX, TY)) GOTO 65
TX/ISIZE+1) /SCALF'Y
FAILSAFE
. LE.CODE (6)) GO TO 60
L F/9Ll NK
)
PLO10037
PLO10038
P LO 10039
PlO 10040
PLO 10041
PLO10042
PLO10043
PLO 10044
PLO10045
PLO10046
PLO 10047
PLO 10048
PLO10049
PLO 10050
PLO10051
PLO10052
PLO10053
PLO10054
P-T (10055
PLO 1005b6
PLO10057
PLO 10058
PLO 10059
PLO 10060
Pl110061
PLO 10062
PLO 10063
PLOl10064
PLO10065
PLO10066
PLO 10067
PLO 10068
PT-10 069
PLO 10070
PT D10071
PL 10072
0IF (STORF (1) .LT. CODF (1) ) GO
C---- >>>>>IF THE FOLLOWING WORKS
61 CONTINUE
GCTO 70
65 FLOT(TTXIY)=CODE( (IS
iIX1=IIX+ 1
IF (IIX1.GT.IX9) GOTO
DO 66 K=IIX1,IX9
66 PIOT(K,IY)=PLOT(K-MULT,IY)
70 CONTINUE
22 CONTINUE
21 CONTINUE
TEMP
110
100
780
101
102
103
104
105
106
108
78
TO 65
,YOU NEED
0
NOT DIMENTIONLLIZE STORE
TAT))
70
0 100 IY=1,MAXIY
IF (IY.NE,.(10*IY/10)) GOTO 110
= SCALEY* (MAXIY-IY)/MAXITY
W RITF (6, 102) TEMP, (PLO
GO TO 100
CCNTINUE
WRITE (6, 101)
CCNTTNUE
DO 780 T=1,10,2
J= (1+ 1) /2
TSC ALE (J) =SCALPEX* (I-
WERITE (6,1
FCRMAT 0
FORMAT('
FORMAT ('
FORMAT ('
6 =',F10.
03
1
3,
TSCALE
20X,lOOA1)
E15.5,5X, 100A1)
1AX,5 (E15.5,5 X)
DEPTH (INCHES)
' POINT VALUES')
WFITE (6, 1C6)
WRITE(6,105) (CODE(N),OFTSTA
FORMAT (I
FCRMAT(' '/,/,/,/,/)
FORMAT ('I DEPTH (INCHES)
6 =',F10.3,' AREAL VLUES')
CONTINUE
T(IXIY) ,TX=1,MAXIX)
(PLOT (IX, IY) , IX 1, MAXIX)
1) *0. 1
TIME(HOURS)')
STORM HYETOGRAPH: TTIE OF OCCURANCE
(N) ,N=1,6)
', Al,' -> STATICN NUMBFR',IT5)
STORM HYETOGRAPH: TIME OF OCCURANCE
0
FOR IF- PLO10073
PLO10074
PL110075
PL010076
PL010077
PLO10078
PLO10079
PLO 10080
PLO100 81
PL1)10082
PLO 100 8 3
PLO10084
PLO10085
PLO 10086
PLO 10087
P L 010088
P L, 1 0089
PLO10090
P L 010091
PLO10092
PLO10093
P LO 1009 4
PLO10095
PLO10096
PLO 10097
PLO10098
PLO10099
PT, 010100
PLO 10101
PT. 010102
PLO10103
PLO1010 4
PLO 10115
P L '10106
PLO10107
PLO 0108
C4
0 L IC 0 C rid dN
0 0
0 0 0
SU0FOUTTNF PLOT2
C--->>>IHIS IS A 2D (LENGHT VS. LENGTH) GRAPH.
INTEGER ETC
PEAL INT(50,60) ,MTA-UMTEUR,MDEPTH
COMNON /A/ RES(10,60),TCTDEP(50),X(50),Y(50),COORDX(50),I INT,
1CCOPDY (50) , VINT (50) , AINI (50) ,?INT (50) ,VPINT (50) IMTAtUTDURMTDUP,
2DEPTHDELPERDTCMDEPTH,VTAU,VDUR,VDEPTHTAUTTOTAL,DATETTIAE,
3VMINDT,C,U,XLENYLEN,NXNYNDTS, NDTNPEPrISFEDIX10,IX20, IX30,
4IOPTST (25) ,IND1,THAR M,IFLOT,ISKIPAFEAL
COMMON /n/ MAXTIM
DIMENSION TTT(6)
DIMENSICN CODE(8),PLOT(90,50)
DIMENSION CHAR (5)
C /'X',I;' *, 1, : 1,.1 1 '/EDOC ATl D
DATA CFAR/I , -, l,+ ,M/
DATA CODE/' ',I, .,* ,O , ,XX/ 0
C NVALUE->THR NUMPER OF PCSSIBLE CHARACTERS GRAPHED
NVUTF=6
NVALUF=NVALTJE+1
C---M IS THE ST7E OF THE PLOTTED SQTJAPE(CRIGTNlILY 3 X 3).
C--RECALL THE OLDEN DAYS WHEN M1X=M1Y=M1=M+1
-M-=4M 14 =m
M1X=13
M1Y=9
M1Y=44/NY
M 1X=88/NX
IF (MAXTIM.LE.0) MAXTIM=5
MAX =90
MT XJ=50
MAXJ1=MAXJ+1
DO 30 J=1,MPXJ
DC 30 D=1,MAXI
30 PLOT (IJ) =CHAR (1)
NX31=NX*M+1
NX33=NX*M+3
PL 020001
PL020002
PL020003
PLO20004
PL020005
PL 020006
PLO20007
PL020008
P L 320009
PL020010
PLO20011
PL020012
PLO20013
PLO20014
P L 200 1 5
PL020016
PLO2001 7
PLO20018
PL)20019
P L J20020
PL020021
PL020022
PLO 20023
PLO20024
PL020025
PL020026
PLo20027
PL020029
PL020029
PL320030
PL020031
PL020032
PL020033
PL020034
PL020035
PL020036
0NY31=NY*M+1
NX31=NX*M1+1
NX 31=NX*M 1X+ 1
NX33=NY*M1+3
NX33=NX*M1X+1
NY31=NY*M1+1
NY31=NY*M1Y+1
DC 31 I=1,NX33
31 PLOT(IMAXJ+1-NY31
DO 32 0=1,NY31
)=CE AR (2)
PLOT(NX31 ,MAXJ+1-J)=CHAR (3)
DC 20 IDTIM =1,MAXTIM
IDTIMF=1+ (IDTIM-1) *ISKIP
DIAX=10.** (-7.)
DMIN= 10**8
DO 1 J=1,MAXTIM ACTIVATING THIS
J=IDTIM N
IF (J.GT.NDT) GOTO 70
STATEIFANT->JN ITS IN GLOBAL
DO 1 I=1,NPTS
IF (INT (1,J) .LT.DMTN.AND.INT(IJ) .GT. (10.** (-4))) DMIN=INT (I,J)
IF (INT (IJ) .GT. DMAX) DMAX=INT (I, J)
IF (.Mt X. LT. (10.** (- 4) )) DMAX=10. ** (-4)
IF (DMAX.TE.DMIN) DMIN=. 99999*DMAX
TF (AREPL.GT.CH?.R (5)) GOTO 531
WPITF (6,997) DAT7
GOTO 532
531 WPITE (6,980) DATE
532 CONTINUE
IE M P=DT* (TDTI ME- 1)
WP TT E (6, 9 98) IDT IMF, TE M P
IFOINT=0
NX3=NX*M X
NY3=NY*M1 V
NY4=NY*M1Y
N74=NX*M lX
DC 10 J=1,NY4,M1Y
PL020037
P L20038
PL020039
PL020040
PLO20041
PL020042
PL020043
PL020044
PL020045
PLO20046
P LO20047
IETTME PL020048
PL0200 49
PL020050
PLJ20051
TTE (DMA ?L20052
PL020053
PT020054
PLO20055
PL.020056
PL.20057
PL020058
PLO20059
PL020060
PL020061
PL020062
PLk.2006 3
PL020064
PL020065
PLO20066
PT 020067
PT -020068
PLo20069
PLO20070
PL020071
PL20072
0 0 0
32
C0
I",
0 0 0 0 0 0 0 0
DO 10 I=1,NX4,M1X
TPOTNT=IPOTNT+1
ITI=NVALJE* (INT (IPOINT,
IF (TTI.LT.0) IIl=-i
DO 10 TII=1,M1X
0 10 7JJ=1, M1Y
PLOT (I+II-1,MAXJ1- (J+JJ
IF (J1.Q.1) FOT(I+11-
IF (II.EQ.1) PLOT (I+TT-
IDTIME) -DMITN) / (DMAX-DMIN)
-1))=CODE (III+2)
1, MAX1 1- (J+JJ-1) )-=CHAR (2)
1, MiAXJ1- (J+JJ-1) )=CHAR (3)
10 CONTINUE
K=Mi XJ-Y1*NY
K=IAXJ-M1Y*NY
DO 50 J=K,MAXJ
IF (PLOT (2,J) . SQ.CH AR(2)) GOTO 51
JHAT=MAXJ-J + 1??
TEMP= YLTN*(JHAT-J H2T/M1Y)/((11Y-1)*NY)
WRITIE(6,995) TEMP,(PL0T(IJ),I=1,MAXI)
GCTO 50
WRITE (6,990) (PLOT(IJ),T=1, M AXI)
CONTINUE
DO 65 N=1,eAXI,15
PLOT (N, 1) =CHAR (4)
CONTINUF
WRITE(6,989) (PLOT(N,1),N=1,MAXI)
989 FORMAT(' ',15X,115A1)
DC 2001 T=1,MAXT,15
J= (1/15) +1
TTT (J)=XLFN* (I-1)/NX3
2001 CONTINUE
WFIT(6,994) TTT
WFITE (6, 992) CODE (1)
DO 60 N=2,NVALUF
T F.MPP=DMIN+ (N-1) * (DMAX-E MTN) /NVA LUF
T E- M P =EDMTN+(N-2)* (rD MX-DMTN)/NVALUF
60 WRTT(6,993) CODE(N),TEMP,
(TFTvPP
PT,020073
PLO20074
PLO20075
PL 020076
PL02)077
DL )20078
PL020079
P LO20080
PLO20081
PL020082
PL02008 3
PLO20084
PLO 20085
PL020086
PL020087
PLO ? 0088
P L 020089
PL020090
4PL 020091
PLO20092
PLO20093
PL020094
PL020095
PL020096
PLJ20097
PL020098
PL020099
PLO20 100
PLO20101
PLO20102
PLO20 103
PL020104
PLO20105
PLO20 106
PL020107
PLO20108
0 0
C
51
50
65
I
0 0 0 0 0 0 0 0 0 0 0
992 FoRMAT( *
99f FORMAT(' 1,1
992 FOPMAIT(' ',2
993 FOR1AT(' ',25
994 FGR M T(' ', 10 X
995 FORMAT (I ', E9
997 FOPMAT ('1 2-D
930 FORMAT('1 2-D
998 FOPMAT(' TIMF
999 FCRMIAT(' ',20A
20 CONTINUE
RET URN
70 WpTrE(6, 982)
RETURN
END
****WARNTNG, TIME PARAM
5X, 100A 1)
5X,A,' = NO PREC
XA 1,'=
,6 (E 15.5) )
.3,' MTLFS', 100A 1)
GRAP(ARF L) . TIME OF
GRAPH(PCTNT) . TIME OF
TDPNTTFICA-TION ',17,'
1)
ETER EXCEFDFD TN PLOT2')
IPITATION')
AO, E 12. 4 INCHES')
STORM=' ,F10. 3,'
STORM=',F10.3,'
=',F6.3,' HOURS
DAYS ')
DAYS .')
INTO STORM')
PLO20
PT1.020
PL020
PL()20
PL020
PL020
PL020
P L 20
PL020
PL020
P L J 20
PLO20
P L 20
109
110
111
112
11 3
114
115
116
11*7
113
119
120
121
122
123
N)
00
Appendix 6
The Rainfall-Runoff Model
Following is a data card description of the finite differ-
ence rainfall-runoff model described in Chapter 5. The model should
be used to obtain the mean solution resulting from a mean rainfall
input. It will give discharge hydrographs at any desired element from
which values for el (ky(t)) or E' ( A(t)) can be evaluated. Itk (ky) or E(kAt)cnbevlad.I
would also punch out in cards all the elements of the matrix
evaluated at the mean solution.
Punched cards will be in the format and order necessary
for use by the network design program (Appendix 7) after the following
simple rearrangements.
Without altering general output order:
1) Group all cards with
format 18X, D10.3, 2X, D10.3
2) Follow by group with format l0X,13,2X,I3,2X,Dl0.3.
3) Follow by group with format 13X,13,2X,I3,2X,Dl0.3.
The program is programmed in Fortran IV G and operational
in an IBM 360 or 370 or equivalent. It utilizes approximately
250 K.
The program is adequate for use as a general rainfall
runoff model (see Bras, 1974), if the card punch in subroutines
FLOW, QUPS and QLAT are suppressed. For use together with the network
- 287 -
design procedure suggested in this work the condition that
1< AtM A -- < 1.3 A5-1k k Ax -
for all elements k at all times is required. This condition assures
the stability of the finite difference scheme discussed in Chapter 5
(see Bras, 1972, and Bras, 1974, for further discussion).
For general rainfall runoff use, the model is always stable
and condition A5-1 is not a limitation. The reader is again referred
to Bras, 1972, and Bras, 1974, for general discussion of the rainfall
runoff model.
A listing of the model follows the data and description.
Present array dimensions limits the number of elements
in the basin model to 50. For use with the network design program,
more stringent limitations apply, see Appendix 7 for further infor-
mation.
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Data Cards Description
Variable Description Format
NSTRM No. of storms to be run
TITTLE General title of run
Must be blank
TITTRE Title of problem
(each storm is a problem)
ICA 1 read catchment data
0 do not, use previous
index defining type
of storm
1 rectangular pulse
2 triangular
3 block shape
4 use previous
rain data
1
0
1
1
read NDX(I)
do not, reuse values of
preceding problem
or 0, punch QOBS or not
or 0, punch QSYNT or not
15
20A4
18A4
12
12
12
Il
Il
(note: for first storm ICA and INDX
must be 1)
-1 289 -
Card No.
1
2
3
4
IPLUI
INDX
INDll
IND12
Card Variable
5 (always needed if ICA = 1)
NSEG no. of segments 15
NRG no. of raingages (max. 50) F10.0
AROOF area of typical roof in F10.0
sq.ft.
NDISCH no. of discharge points
per roof 12
DROOF linear roof discharge
cfs/in/outlet F5.0
6a (note: a pair of cards 6 and 6B are
needed for each element)
ISEG(I) segment descriptor A4
IUP(IJ) (J=1,3) 3A4
segments directly upstream
of segment I 4A4
ILAT(I,J) (J=1,4) lateral segments to I
ITYPE(I) type of segment Il
1 rectangular channel
2 pipe
3 triangular channel
4 a and m are given, Qmax= oo
5 overland flow - turbulent
6 overland flow - laminar
- 290 -
Description Format
Card Variable
7 junction (dummy segment)
8 gutter
1 print discharge from
segment I
0 do not
length of segment I
slope of segment I
Manning's n of
segment I
(J=1,2)
parameters which depend
on segment type
Type PARAM(I,1)
1 width of segment
2 pipe diameter (ft)
3 width at 1 ft. depth
4 a
5 width of segment
6 width of segment
7 none
8 horizontal component
of lateral slope
- 291 -
Il
F6.0
F5.0
F5.0
2F5. 0
PARAIM (I, 2)
depth
cross-section.
area of manhole
(ft 2)
cross section.
area
m
% impervious
% impervious
none
cross sectional
area
IPR(I)
FLGTH(I)
SLOPE (I)
FRN(I)
PARAM (I, J)
Description Format
Card Variable
LGIV(I) 1 read parameters (10X,12)
and m directly
0 do not read
(note: this feature is only used to read a. and
m for an overland segment with ITYPE(I) = 5 or 6
NROOF(I) number of houses 12
in segment I
GROOF(I) % of roof discharging F3.0
directly into gutters
MAELEV(I) elevation of manhole F3.0
corresponding to pipe
segment I (ft)
6B RCOEFF(IJ) weighting coefficients 40F2.0
J=1,NRG for raingages
7 (use after cards describing all segments -
after all cards 6 and 6B and only if LGIV
of corresponding card 6 is 1)
ALPHA(I) Ot F10.0
EM(I) m F10.0
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Description Format
Card Variable
(if IPLUI=
TR
EXPRE
DT
OSI
ECOMP
(if IPLUI
TR
EXPRE
DT
SI
ECOMP
TMAX
1 )
storm duration (hrs)
rainfall intensity (in/hr)
time increment (At in min.)
output sampling interval (min)
end of computations (min)
= 2)
storm duration (hrs)
maximum rainfall
intensity (in/hr)
time increment (At in min.)
output sampling
interval (min)
end of computations (min)
time to maximum rainfall
intensity (hrs)
(if IPLUI = 3)
NDP
OSI
ECOMP
DT
No. of rainfall data points
output sampling
interval (min)
end of computations (min)
time increment (min)
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F10.0
F10.0
F10.0
F10.0
F10.0
F10-0
FlO.0
F10.0
F10.0
F10.0
FlO.0
10
'5
FlO.0
F10.0
F10. 0
Description Format
Card Variable
CAFCS
(if IPLUI = 3
one for each
TRAIN(J)
QOBS(I)
Description
optional scaling
factor for output, usually 1
and along with card 10,
hyetograph time)
time since beginning of rain-
fall (min)
observed historical
discharge (cfs)
(together with each 11)
P.(XJ) J=1,NRG
Rainfall intensity (in/hrs)
(if IPLUI = 4)
NDP
OSI
ECOMP
DT
CAFCS
No. of rainfall data points
output sampling interval (min)
end of computations (min)
time increment (min)
optional scaling factor
for output, usually 1
(if INDX 1)
NDX(I), I = 1,25
11 a
Format
F1O.0
F8.0
F8. 0
11 b
20F11. 0
15
F10.P
FlO.0
F10.0
F10.0
13 2513
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12
Variable Description
no, of sections in segment I,
spatial intervals
(if INDX=l, and only if there are more than
25 segments in model)
NDX(I), I = 1,25
(note: remember that the index I corre-
sponds to the order element data was
entered )
Format
2513
(must always
ILOSS
FO
FC
FK
DPERV
DIMP
be in, blank if no infiltration)
initial lump loss of rainfall
if desired (in)
initial loss rate in Horton's
equation (in/hr)
steady lose rate in Horton's
equation (in/hr)
decay rate (min 1)
detention depth (in)
in pervious areas
detention depth (in)
in impervious areas
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Card
14
15
F5.0
F5.0
F5. 0
F5.0
F5.0
F5.0
REAL ISEC, IUPILATILCSS
CO C N /6LOCOt/ IOUTINPT,NLMAXLNATSEG,NRG,K SEG ( 5C)
CCMPCN /BLOCO?/TITLE(2C),TITRE(18),NPACE
COPMCN /BLOC03/ILCSSFCFCFK ,DETEM\5C) ,T INFIL(SC) , PEPVqCIP
COPNCN /BLOCO5/ IPRf5O)vFLCTf150 )SLOPE( CO) ,FRNI 5C)
CCH'CN /eLCCI i/CTGIV(5 0,AIFCcFNCISC[, ERCCF,GPOCF (5C),NCROF( SC)
COMCN /BLOC3C/Qf0t8 4 4CC),QSYNiT(4CC),TCUTFL(400)
INPT=5
ICUT=6
NPAGE= I
MAXL=55
REAC ( INPT,5103 ) NSTPM
51C3 FORMAT(15)
REAE(INPT,5CCO) TITLE
5CCO FCRNAT(20A4)
REAf(INPT,5104 ) TITRE
5104 FORMAT(1PA4)
CALL PAGE
15 WRITE(ICUT,210)
210 FORMAT(//26X,1 HFLEm ROUTINGC- ,43HKIN\EMATIC THE
1RENCE METIOC//)
NL = NL + 3
19 CON I INLE
00 1028 JMJ=1,NSTRM
REAM(LNPT,53.02) TIrTEICA,IPLU I,INCX, INCOIIN012
53C2 FOR MA T ( 1A4 ,312 211)
91 CALL PACE
IF(ICA.EC.0) CC TO 5305
CALL CATCH
5305 CONTINUE
CALL RAIN(IPLUl, INCX )
20 WRITE(ICUT,218)
218 FORMAT( /2fX(,21I-lNFITtT9ATICN MCCEL ,12-1CRTCN'S
NL = NL + 3
REAC( INPT ,140) IL I SS,FC,C,FK,C IMP, CPERV
140 FORPAT(6F5.C)
CRY FINITE DIFFE
LA// )
MA INCOCI
PAINCCC2
PAINCCC3
MA INCC04
MAI NC005
MA INCCC6
MA INC007
:A IN0CO8
MAINCCC9
MA INCCIC
MA INCOl1
PAINCC12
MAINC C13
MAINCO14
PAIN0C15
MA INCC If
IA INO 1-7
PAINCO18
MAINCC19
MAINCO20
MA INCO2 1
MAINCC22
MA INCC23
IVA INC024
IAINCC25
MA INCC2f
MA INC027
PAIN0028
MAINCC29
MA INCO30
MA INC031
MAINCC32
fA INCC33
PAINC034
MAINCC35
MA INC C36
a'
90 NL=NL 4 13
IARITE(ICUT,6005) ILCSSFCFCFKCPERV,CMP
6CC5 FORPAT(///48X,23HINFILTRATICN PAR AETERS//
I 5CX,IHINITIAL LCSS =,F5.2,7H I?\CFES/
2 43X,19JINITIAL LOSS RATE =,F5.2,9JC1 INCHES/HR/
I 43X,1eSTEAEY LCSS PATE =,F5.2,1O0f INCES/VR/
4 4CX,24HEXPONENTIAL DECAY RATE =,F5.3,12H INUTES1*-1/
5 40X,2(1PERVICUS CETENTION DEPTF =,F5.3,7H INCHES/
6 4CX,28PIFPEPVlCUS CETENTICN CEPT- =,F5.317 INCI-ES)
NL = NL +
CAlL RCUT
1C28 CCNTINUF
END
MA INC037
K41 NCC38
MAINCCI%
MA INCO'4O
PAI NC04 1
MAINCC42
IA INC 043
PAINCO44
MAINCC45
MAINC046
AINC0O47
MAINCC4E
MA INCC49
3
E( IPLtJI, INChI, 1N012)
I~
SUPROUTINE AM
REAL ISECIUPILATILCS
COMNCN /fLOC0/1CtIINp
CONMUN /BLOC04/IUP(5C,3
CCNPCN /PLOC05/IPR(50),
COP VON /BLOC08/CPAX(5C)
CONMCN /LOCC9/ALPHA(SC
CONPCN /LOC14/ITYPE(50
CCPNCN /LCC15/RCCEF(5C
COPMON /BLOC17/LGfIl(5C)
0 10 I=1,NSEG
N = ITYPE(I )
GO 10 (2C,3C,4C,SC,5C,7C,eC
90 Z1=SQRT (PARAM ( I, 1) )
Z2=1.+(PARA'( 1,1 )**2.)
ALPHA(I)=1.182/FRN.(I)*SCRT(
EM ( I )= 1.33
QMAX (I )=ALPIA( I )*PARAM( I1,2)
GC7C 1C
S
T,NL,VAXL,
),ILAT(5C,
NSEGNPCKSEG (50)
4),ISEG(5C)
FLGT (50 ), SLOPE( SC) , FRN ( 5C), 10TRA 1, TDEP
,STC (50) ,FLEV (50)
),EM (50)
),NUX(50),CX(5C),ELEMAX(5C)
,50 ), PAR AN' (50, 2), CPCCF (50 ), RCCF (5C)
,ARCOFNDI SCH , CRCCF ,CRCCF (50) , CCF (50)
SLCPE(1))*((Z1/(1.4SQRT(22)))**(2./3.))
20 ALPHA(I) = 1.4V/FRN(I)*SQRT(SLCPE(1))/PAPAN'(I,1)
AMAX = PARAM(I,1)*PAR AM(1,2)
E.(1) = 1.67
QMAX(I) = ALPHA(1)*AMAX**EM(1)
GC TC 10
30 ANAX = 3.14*PAPAP(I,1)**2/4.
OFLLL = 1.49/FRN(1)*ANAX*(PAPAN(1,1)/4.)**(2./3.
ALPVA( I)=QFULL/(AMAX*41.25)
EN(I) = 1.25
QMAX(I) = QFULL
GO TO IC
40 Z1=PARAM(i,1)
Z2=1.+ (PAPAP(I ,1 )**2.)
Z3=ZlI/Z?
ALP-.(I)=.94/FPN(I)*SQRT(SLOPE(1))*(Z **(1./3.))
EN'(I) = 1.33
** (2./3 . )
AM
A p
AN
AM
AN
AN
AN'
AN'
AN
A N
IV
CccI
COO?
CCC3
CCCI
C05
CCC6
CCC7
0008
CCC9
cc 1c
C011
AN C012
AN C013
AM CC14
AN C015
AN CC16
AM CC17
A N 0018
AN V cc19
AM CC2C
AM C021
AP C022
AP CC23
A P CC24
A P 0025
AP CC26
AM CC27
AN C028
AN CC2S
AM CC3C
ANP C031
AN C032
ANP CC33
AIV 0034
AN C035
AN VC36
)*SCRT(SLCPE (I))
C
I
OMAX(I)=ALPHA(I)*PARA(I,2)**F(I))
CO TO 10
50 ALP-A(I) = PARtAM(1,1)
EM(I) = PARAM1I,2)
QMAX(I) = 10.**10
GC TC 10
60 IF(LGIVi(I).EQ.1) GC TC 63
ALPVA(I) = 1.49/FRN(I)*SQRT(SLC
EM(I) = 1.67
GC TC 64
63 REAO(INPT,91) ALPHA(I),EM(I)
91 FORtAT(2F10.0)
64 QMAX (I) = 10.**10
9CC IF(NRCCF(I).EQ.C) GCTC 1C
ROOFA=NRCOF( I )*AROOF
TOTARE=PAPAF(I,1)*FLGTF(I)
AREDIF=TCTARE-RCCFA
WLEN=FLCTF( I)
FLCTF( I)=AREDIF/PARAM( I,1 .
k ALPHA(I)=ALPHA(I )*FLCTF(I )/WLEN
GO TO IC
80 QMAX(I) =10.4*10
ALPHA (I) 0.
EM(I) = C.
GO TO IC
70 IF(LGIV(I).EQ.1) GC TC 73
EM(I) = 3.
ALPFA(I)=64.445LOPE(I)/(FRN(I)*
GO TC 74
73 READ(INPT,91) ALPFtA(I),EM(I)
74 QMAX(I )=lC.**1C
IF(NRCCF(I).NE.C) GCT 9CC
GC 10 10
10 CONTINLE
IF (NL - MAXL + 1C) lCC,1CC,1C1
IC1 CALL PACE
PE ( I))
AM CC31
AMV C038
AP CC3S
AM CC AC
AM C041
AN CC42
AM CC43
AM 0044
AP C045
AM CC46
AM C047
AN 0048
AM CC4'
AM CC5C
AM 0051
AP CC52
AM CC93
AV C054
A V 0055
AM CC56
AM C057
AM C058
AM CC5S
AM CC6C
AP 0061
AV C062
AM CCf3
AV 0064
AN 0065
AV CC66
AM C067
AV C068
AM CC69
AM CC7C
AP 0071
AP C072
.0CCC141)
1CO WRITE (IO1,60C0)
6CCO FORMAT (//46X,28HKINEPATIC CHANNEL PARAPETEPS//
1 4?X,7fSEGMENT,3X,5IALPI4A,6X,1HM)
NL = NL + 5
00 12C I=1,NSEC
IF (NL - MAXL 4 1
122 CALL PAGE
WRITE (ICUT,6CCC)
121 NL = NL + I
WRITE (ICUT,6001)
6C CI FORMAT (43XA4,3X
120 CONTINUE
RETLRN
END
121,121,122
AM CC73
AM 0074
A V C075
AM CC16
A V 0C77
A P 0078
AM Cc79
AM COfo3
A p C081
AM CC82
AM CCE3
AM C084
A P CC85
AM CCE6
ISE G(I), ALPFA (I), EM (I)
,F(.3,3X,F9.3)
0.
0
SUBROUTINE CATCH
REAL ISEGIUPILAT, ILCSS
COP'CN /PLCCHIC/ICUT,INPTNLMAXL,NSEG,NRCKSEG(50)
COPICN /BLCCC4/ILP(SC,3),ILAT(5O,4),ISEC(50)
COPMCN /BLOC05/IPR(5C),FLGTH(5C),SLOPE(5C),FRN(5C)
COPPICN
CtJtPMON
COMMON
COPPCN
READ(IN
9C01 FORMAT(
/BLCC06
/PLOC14
/BLOC15
/PLCC17
PT ,5001
215, FLC
/NCUTTCUT,
/IIYPE(5C),
/RCOEF( SC,5
/LC-IV(50),A
) SEGIPG,
.Ct2,F5.C)
CCUT (50 )CSEG(5C ),JOLT (5C
NCX (50) , EX 150), EL EMAX (50)
C),PARAr(5C,2),CPCCF(50),f-RCCF(5C)
RCCF,ND IS CH, [ROOF CROOF ( 5C ) ,NRCOF( 5C)
APCCFNCISCFCPCCF
C PEAD CATCFMENT CATA
WRITE(ICUT,7500)AVCCF,CISCfCROOF
75CC FORMAT(//13X,12HROoF AREA = ,F8.2,8- (SC FT),4X,23FC. CF CISC
IE PTS = ,13,4X,28FCISCFARGE (CFS/IN/OLTLET) = ,F6.4)
5 hR*TE
6CC1 FORMAT
1
2
3
4
NL
(ICUT,600l)
1//6 3XdHLEGTH,ICX,9HRCLGFNES
8F SECENT,2XI7HUPSTREAM SEG
17HADJACENT SEGMENTS ,2X,41-TYP
4X,6H(FEET),3Xv5-SLOPE,2X,
9HPARAVETER,3X,16VCTt-ER PtRAM
CA1CCCC 1
CATCCCC2
CATCCO03
CAICCCC4
CATCCCC5
CATCCC06
CA ICCC
CATCCC
CATCCC
CA I CCC
CATCCC
CATCC0
ARG
S,21X,6VNUMEEP,2X,3VFCT/
F,2X,3F1IPP,
ETEPS, 3Xt6 EFOUSES, 2X ,t31GUT)
= NL + 7
CO 10 I=1,NSEC
REAC (IAPT,5002) ISEG
1 1 TYPE(I) ,I PR(I) ,F
2(PARAM(I,J),J=1,2),LG
3 GRCCF(I),ELEMAX(
(I),
LGTH
I)
(IUP(IJ),J=1,3),(
(1),SLC E(I ),FPN I
),INRCCF( I ),
5CC2 FCRMAT(fA4,211 ,F6.C,4F5.0,IOX,21?,F3.0,F3
IF(ITYPE(I) .Q. 5) GCTC 3F
IF(ITYPE I) .NE. 6) G TO 3c,
38 REAO(INPT,5005)(PCCEF(IJ),J=1,NRC)
5005 FORMAT(ACF2.C)
39 NL=L45
10 WRITE (ICUT,6002) ISEC(I), (IUP(IJ),J=l1,3
1 1 NPE (I) , I PR (I) ,F LGTH (I ) , SLCPE (I) ,FFPN
ILAlH(T,J),J=I,4),
.0)
),(ILAT(I,J),J=I,4),
(I),
C7
CE
09
ICI
11
12
CATCCO13
CA ICCC14
CATC0015
CATC0016
CAlCCC17
CATCCCIP
CATC0019
CATCCC20
CATCC021
CAICCC22
CATCC C23
CATCC024
CAICCC25
CATCCC26
CATCC027
CATCC028
CATCCC2S
CATCCC3C
CATCC031
CAlCCC32
CATCC033
CATCC034
CA JCCC35
CATCCC3I
C
w
I-a
2 (PARAM(I,J),J=1,2),NPCOF(I),GRUCF(I)
6C02 FCRPAT (2XA4,4X,3(1Xt4)i3X,4(1x,All),I5,15,
I F14.0 ,F8.4#,I0.3 ,F1I.3, F9.3,3X , 12,2X, S.4)
IF (NL - MAXL 4 1C) 14,1,5
15 CALL PACE
IriRITE (IULT,60C1)
14 NL = NL + 4
C SET-UP CCPPUTATICN SEQUENCE
CALL SEC
C SEl-UP CUIPUT SEQLENCF
NOUT = C
00 50 I=1,NSEC
IF (IPR(I)) 50,50,51
51 NOUT = NOUT + 1
JOUI(NCUT) = I
SEG(NCUT) = ISEC(I)
50 CONlINLE
C SET-UP KINEMATIC MODEL PARAMETERS
CALL AM
RE URN
ENC
CATCC037
CAICCC3P
CATCCC.3 c
CATCC040
CATCC041
CA7CCC42
CATCCO43
CATCC044
CA1CCC45
CATCCC4f
CATCC047
CATCC048
CAICC C49
CATCC05C
CATCCO51
CA ICCC52
CATCCC53
CATCC054
CATCC055
CATCCC.96
CATCC057
I
0
C
SlUBRCUT1NE FLCi
REAL ISEGI UP, ILAT,ILCSS
RE4L INWAT
C0UNCN /eLCC0l/ IUTINFTNLMAXLNSEG,NRGKSEG(50)
COI'ON /BLOC04/IUP(5C,3),ILAT(5C,4),ISEC(50)
CONMON /BLC05/IPR(50),FLGIH(5C),SLOPE(5C),FRN(5C)
CCPCN /PLCC09/A[LPI-4(50),EV (50)
CONMON /BLCCIO/ DTECCMPCSI,T,IPPtTIRAIN,rTS,Tr(50),INCRA
COPMON /BLOC11/Q1(50),Q2(5C),QSLM(5C),QSUtL(50)
COUPCN/PLCl?/t(50,50),HA(50,50)
COPMON /BLOCI4/ITYPE(5C),NCX(50),CX5O),ELEIVAX(5C)
COPMON /BLOC15/RCOEF(5C,5C),PARA(5C,2),CRCF(50),FPCCF(5C)
COPCMNE /PLOC16/ INWAT(5C),0UTWAT(5C )
COU"CN /PLCC17/LG IV (5C ),ARCCF ,NiISCH, CRCF,CPOCF (5C ),fNCOF( S C)
COFMON /HLOC18/IHETM(SC)
C COMPUTE FLCWS AT T + CT
T = T + CT
DO IC I=1,NSFG
K = KSEGII)
IF (ITYPE(K) - 7)
5 N=NDX(F) + 1
IF(AROCF.EQ.0.) G
IF (ITYPE(K).EC.5
IF(ITYPE(K) .EQ.6)
CO TO ICC
101 CALL RCCF(K)
ICC CCNTINLE
CALL UP(K,I,QUP)
CALL LT(K,fCLATE
CALL WATERI(KI,CUP
ALP = ALPHA(K)
XEM = EM(K) - 1.
YEV = EM(K)
70 C1(<)=C?(I)
ALAT = CLAT*DTS
F LC C01
FL IC CC2
FLOWC0C3
FtC C004
FLO CCC5
FLO C Cf
FLCANCC07
FLfCCCe
FLOtCCCS
FLCWC010
F tCI C1i
FLCWCC12
FLCWC013
F L C 1C014
FLC( C 15
FLOCC 16
F LC C 017
FLCIE
FLOwCC IS
FLCWC020
F L C CC2 1
FLU.ItCC22
FLCW023
FLChiCC24
FLCOICC25
FLCWC026
FLC027
FLIC C29
FLOCC029
FLCC030
FLC CC31
FLC -CC32
FLCWCO33
FLCCG034
FLkC C35
FLItCC36
5,30,5
TC I
GUT
GCTC
Cc
c 101
101
P, AP)
,CLAT,AP,EP)
A (K, H = (CUP/ALP)**(1./YEM)
DC 20 J=?,9N
IF(E(K)N.E.1.) GC TC 35
TFETA=ALP* CTS/IJX(K )
IF(1IETo.CT.1.0) CC 11180
A(KJ)=ALAT+AA(KJ-l)*THETA+AA(KJ)*(I.-TFETA) 
-
CO TO 4C
80 A(KJ)=(ALAT+AA(NJ-1)+(TI ETA-1.0)*AA(KJ-1))/TI-ETA
GO 10 4C
35 A9=(AA(K,J)+A(KJ-1))/2.C
THETA=tLP*YEM*CTS/CXIK)*(A9**XEM)
36 IF(THETA.CT. 1.3) GCTC 38
Al=(ALP*OTS)/DX(K)
PF12=(I.-Al*YEM*(AA (KJ)**XEM))
PflH1=Al*YFV*(FP, J-1)**XEV)
WRITEIOL0,5C) TKJPH11,PH12
150 FORVAT(1I , '***',F8.2,2XI3,2X,13,2(2XFF.3))
WRITE(7,152) T,K,J,PHI1,PF-12
152 FORAT(F8.2,2X,3,2X,13,F8.3,'COW,2X,F8.3,;COI )
A(KJ)=ALAT+AA(K,J)*(1.-A1*(AA(KJ)**xXE))+Al*(AP(K
GO TC 40
38 AI=CX(K) /(ALP*DS)
A (K, J)=A (K, J-1)*( (A (K , J-1)**XE? )-Al)+A L AT*A l+A A( KJ
IF(A (K,J) ) 90,91,91
90 WRIIE(6,83) A(F#J),ALtTAlKJ
83 FORMAT(//4X,'AALAT,A1,K,J',3(E17.7,2X),2(12,2X))
A (KJ )=0.
91 A(K ,J)=AKi,J)**I.IYEd)v
40 IF(A(KJ)) 42,42,2C
42 A(KJ)=0.
20 CONTINUE
DO 45 J=1,N
45 AA(KJ)=A(K,J)
Q2 (K )=OL P*( A ( K )**YEN)
CALL WATERO(K)
IF(TETM(K).GT.ThETA) GC TC 69
FLC C037
FLC CC3E
FLOWCC39
FLCWC040
F LC CC4 1
FLOWCC42
FLCWC043
FLC C044
FLCVCC45
FLCWC046
FLCanC047
FLC CC4E
FLOWCC49
FLCWC050
FLOCC51
FLOWCC52
FLCW0053
FLC CC54
FLOWCC59
FLCWC056
FLCWCC57
FLCWC Cc
FLCWCC59
FLC C060
FLCMCCEI
FLOWC062
FLC C063
FL3CC64
FLOWCC65
FLCkCG66
FLC CC67
FLC1mCCEE
FLCWC069
FLC CC7C
FLCWCC71
FLCVC072
,J-1)**YE)
-1 )*A 1
C
THETV (K )=Tl4ET A
69 CCNIINLF
GO TC 1C
30 CALL UtP(K,IQU
CALL VNATERI(K,
01(K )=02(1<)
Q2(K )=QUP
CALL WTERCM)
THE1t(1)=C.
10 CONTINUE
RETURN
E N D
p)
CUP,0.0,0. ,0.0)
FLCZC073
FLCVCC 7i
FLOW075
FLCC076
FLO CC77
FLOkCCE
FLCWC079
FLCCCC
FLOWCCE1
FLCWC082
FLC C083
F LOCGE4
C
U'
C
SUBROUTINE INFIL(K,EPAP)
REAL ISFGIUP, LtAT
COUCN /9LcC01/ICUTNPTNL,MAXLNSEG,NRcKSEG(5C)
COPMON /RL0C03/ILCSSFCFC,FK,EETEN(5C),TINFIL(50),CPEPVCIMP
COPMCN /BLOCOs/IPR(50),FLGTH(5C), 1LOPE(sc),FRN(5C),TCTRAli ,1nEP
C0 PCN /PLCC10/ CTECCPPSIT, IPRNT, IRA IN,CTSTO(5C ), INCRA
COPPON /BLOC12/A(50 ,5C),AA (50,50)
COPMON /BLOC13/TRAIN(250),P(250,5),NOP,IN05(50),IN06(5C),INC7(50)
CONPCN /ELC14/ITYPE(50),NCX(50),EX(5C),ELEMAX(5C)
COPMON /RLOC15/RCCEF(50,50) ,P A RA(509,2),CPCCF(50),FRCCF(5C)
COGMCN /BLOC17/LGIV(5C),ARCOFNDISCHCRCCFCPCCF (5C) ,IPCCF(50)
C PREPAREC EY RAFAEL ERAS JAN 1973
C COPPLTEX EXCESS PRECIPITATICN AT SECPENT K
C BY SUBTRACTING INFILTRATION AND RETENTICt'
5 IF(T-TRAIN(IRAIN)) lCIC,2C
2C IF(IRAIN-NDP) 25,30,30
25 IRAIN=IRAIN+1
GOTO 5
30 IF(NRCCF(K).EC.0) GCTC 200
TAREA=PARAM(K,1)*FLGTH(K)
AP=((QROOF(K)*NRCOF(K))/TAREA)*(l.-GRCCF(K))*4320C.
215 IF(FC.EQ.0.) GCTO 150
ON EP=AP-(FC+(FO-FC)*EXP(-FK*(T-TC(K))))
IF(EP.GE.C.) GOTO 4CC
N=NCX (K) +1
PRCFU=I0.
DO 4C1 J=2,N
Z1=((AA(KJ-1)+AA(K,J))/2.)*12.
Z2=EP*(0T/60.)
Z3=-Z2
IF(Z1.CE.73) GTO 4C2
PRCFL=PRCFU+Zl
GOTO 4C1
4C2 PRCFU=PRnFU4Z-
401 CCNTINUE
INF ICCC I
INF ICCC2
INF IC 003
INFI CCC4
INF ICCC5
INF IC006
I NF IC C07
INF I C CC E
INF ICC09
INFICclc
INF I CC 11
INF 10012
IF FIC013
INF ICC 14
INF IC015
INF IC016
INF ICC 17
INF ICCIE
INF ICC 19
IN FIC C2C
INFICC21
INF IC022
I NF IC023
INF I CC24
INFIC025
INF IC026
INFICC27
INF ICC2E
INF IC029
I NFI CC3C
INFICC31
INF IC032
INFICC33
INF I CC34
INF IC035
I N FIC036
PRCFL=PRCFU/(N-1)
TINFIL(K)=TINFIL(K)+PRCFU
GOTC 205
4C0 F=(FC+(FC-FC)*EXP(-FK*(T-TC(K))))
TINFILIK)=TINFIL(K)+F*(DT/6C.)
GOT 205
150 EP=AP
GOTC 2C5
2C0 AP=C.
GOTO 215
205 RETURN
10 AVG=0.
DO 4C I=1,NRG
c AVG=AVG+RCOEF(K
TOTRAI=TCTRAI+(
AP=AVG
IF(NROCF(K).EQ.
TAREA=PARAM(K, i
AVC=AVC+(((CRCC
AP=AVG
,I )*P(IRAIN,!)
(AVC*CT)/72C.)*(PARAM(Kl)*FLGTH(<)+NRCCF(K)*ARCCF)
C) GCTC 21C
)*FLGTHi(K)
F(K)*NRCCF(K ))/TAREA)*(1.-CROOF(K ))*432CC.)
210 DETEN(K)=DETEN(K)+AVG*4T/
IF(FC.EQ.C.) GOTO 35C
IF(FK.NE.0.) GCTO 500
F=FC
IF(AVG-F) 6CCMC1,6(1
600 EP=0.
AP=AVG
TINFIL(K)=TINFIL(K)+AVG*C
F=AVC
GCTC 7(0
6CI TINFIL(K)=TINFIL (K)+FC*CT
GOT 700
5CO IF(IN05(K)-1) 78,79,79
78 F=(FC-.+(FE-FC)*EXP(-FK*T))
IF(AVG-F) 3CCtC1, 3C1l
300 EP=0.
tC.
T/60.
/60.
INF ICC 37
INF10038
INF ICC39
INFICC4C
INF ICCA I
11F IC042
INFI CCA3
INFICC44
INFIC045
INF ICCA6
INFIC047
1 NFIC048
INFICC4A
INF IC050
INF 10051
INFICC52
INF ICC53
INF 1C054
INFI CC55
INFICC56
1NFIC057
INF 10058
INFICC59
INF IC CfC
INF I0061
INF IC062
INFICC63
INF ICC64
INF IC065
INF 1CC66
INF ICC67
IIF10068
1 F I C C6S
INFI C C7C
INF 10071
1 KF10072
0
-4
AP=AG
TINFIL(K)=TINFIL(K )-+(AVG*DT/6C.)
F=AVC
GOCTC 7CC
301 VOLINF=(FC/60. )*T+( (FC-FC)/(60.*FK) )*(l.-EX P(-FK*T))
IF(VCLINF-TINFIL(K)) 310,312,311
312 TO(I)=T
GOTO 313
310 TO(K)=T
GOTC 313
311 TO(K)=1+DT
314 TO(K)=Tn(K)-0T
VOLINF=tFC/60.)*TC(K)+(t(FO-FC)/(60.*FK))*(I.-EX(P(-FK
IF(VCLINF-TINFILIKI) 313,313,314
313 INC5(K)=1
79 F= (FC+(FC-FC)*EXP(-FK*(T-TO(K ))))
IF(AVG-F) 302,303,303
302 EP=C.
AP=AVG
TINFIL(K)=TINFIL(9)+AVC*CT/60.
F=AVG
GOTO 700
303 TINF IL (K )=T INF IL ( K )F*CT/60-
7CO IF(DIMP) 651,651,650
t51 AP=AVG
EP=AVG-F
RETLRN
650 AP=AVG*(1.-EXP(-DETEN (KF)/EIVP))
TDEP=TCEP+(((AVC-AP)*fT)/76C.)*PARAM(K,1)*FLGTP(p)*P
EP=(AVG-F)*(-EXP(-(CETEN(K)-TINFIL(K))/CPERV))
F2=1.-PARAM(K,2)
TDEP=TCEP+(((AVG-F-EP)*OT)/76C.)*PARAP(K,1)*FLGTF(f)
RETURN
350 IF(0 IMP) 90,91,90
91 AP=AVG
EP=AVG
*TC(K)))
INF I CC-3
INF IC074
INFIC075
INFICC76
INF I0077
It\FIC 078
INFICC79
INF ICCEC
1HZF1C081
I\FICCE2
INF I CCE3
INF 0084
INFIC085
INFI CCE6
INF I0087
I NF I0088
INF IC CS2
INF IC C3
IHZF10094
I NFICCS5
INF I CC96
IAFI10097
I F IC098
INFICC 99
INF IC ICC
INF 10101
INFI0102
INF IC 1C3
1FZ 10104
I NF I CIC5
INF IC 1C6
IF 10107
IKF 10108
*F2
I
U.)
0
00
I
ARAP(K,2)
F=C.
RETURN
90 A P=AVG*(I.-EXP(-CETEN(K )/ IMP))
TDEP=TCEP+( (AVG-AP )*ET )/760.)*PA PAM(K, I )*FLCTF(K)
EP=AP
RETURN
ENC
INF IC lCS
IN F 101 C
INF 10111
INFI C112
INF IC 113
IN F 10114
I\FIC 115
C
SUPROUTINE INIT
REAL INWAT
COMON /BLOC01/ICLTINPTINLPAXLNSEGNPCKSEG
COMMCN /BLOCC3/ILOSs,FCFC,FK,wrDETE\(sC),ITNFIL
COPCN /PLOC05/IPR(50),FLCTH(50),SLOPE(5C),FRN
COPMCN /fLOC07/JUP(50,3),JLAT(50,4),I[CNEXT(50)
COPMON /B
COPPCN /E
CO't'CN /B
COYMCN /B
CO'PCN /B
COPPCN /B
COPMON /8
COpUCN /B
COPCN /8
C INITIALIZE C
T = 0.
S INCRA=1
I TRAIN = 1
o IPRNT = 1
TI0TRAI=0.
TDEP=C.
DO IC 1=1
QSUI"'(I) =
QSLU L (I)
IDNEXT( I)
STO(I) =
DETEA( I)
IN14A1( I)=
TO (I )=C.
INC5 (I )=0
TINFIL( I)
ELEV( I )=C
INE6 (I )=0
INDU I )=C
LOCCe/QMAX(5C),STC(
LOC1/ ET,ECCtPOSI
LtCll/ C1 (50) ,Q2(50)
LOC12/A(cSC,5C),AA(5
LOC13/TRA IN( 250 ),P(
LCC14/ TYPE(5C),NCX
L0C15/PCCEF(5C,5 C),
LOC16/INWAT(5C),OUT
LCC17/LGIV (50), ARC0
ATCHMENT
(50)
(5C),EPERVfCIP
( 5C) , 0TTRA I , TDEP
5C),ELEV(50)
,TIPRNT, IRAIN,DTSTO( C),INDRA
, SUP (50 ) , CSUML (50)
0,50)
25C,5),NDP, IND5(5C),IN0uj,0tNC7(5C)
(50),CX(50),ELEMAX(SC)
PARAP (5C,2),CPCCF(50),FRCCF(50)
WAT ( SC)
F,NCISCI-, [ROF, CROOF (5C ),NRCOF( SC)
C
,NSEG
0.
-0.
=O*
0.
0- .
CC.
IN ITCCC 1
ITN ITICOC?0
TNT 1CCC3
INI TCCCA
IN1 TCCC6
I N IT C C C 7
INI TCC08
t ITCCC9
IN I T CC IC
IN ITCO I1
I T0012
INI ICC 13
IN ITCC 14
II TCO15
1 N I I C C 16
INIT17l
1N I TIC C 17I(\ITOO18IhlTCcllG
IN%,ITCC2C
It ITC021
INI TC022
INIT CC23
IN ITC024
INITC025
INIT CC26
IN ITCC27
IN ITC028
INIT CC2'
IN ITCC3C
It ITCO31
TN ITCC32
INITCC33
I I TC034
1NIT C035
INT ICC36
QRCOF(I)=C.
HRCCF(I)=0.
OUTWAT(I)=C.
K = KSEG(l)
N = NDX(K) + 1
DO 2C J=lN
AA(KJ )=0.
20 A(K,J) = 0.
Q2(1) = C.
10 Q1(I) C.
RETURN
END
IN ITC037
INIT0038
INITC039
INITC040
INI ICC41
INIICC42
INITC043
INI ICC44
INI TCC45
INIT0046
INITC047
INI lCC46
j
H
H
FUNCTION ITRAN(X)
REAL ISEG, IUP, ILAT, ILOSS
COPtCN /BLOCO/ICLTINPTNLMAXL,NSEGNRCKSEC(5C)
COPMON /BLOC04/IUP(5C,3),ILAT(5C,4),ISEG(50)
I = 1
3 IF (X - ISEGf)) 10,5,10
5 ITRAN = I
RETURN
10 I = 1 4 1
IF (I - NSEG) 3,3,20
20 ITRAN = C
RETURN
END
I TRA C C C 1
ITRAC002
I TRAC003
I TRACCCA
ITRACOOS
ITRACCO6
ITRACCC7
ITRACCC8
I TRA C009
I IRACCIC
ITRACCI1
ITRAC012
ITRAC013
I IRACCIA
I
C
C
SUBROUTINE LAT(K,CLATEP,AP)
REAL ISEGIUPILATILCSS
COPFCN /BLOC01/IOUTINPTNLMAXLNSEGNRGKSEG(5C)
COMMON /BLOC05/IPR(50),FLGTH(50),SLCPE(50),FRN(50)
COMMON /BLOC07/JUP(50,3),JLAT(50,4),ICNEXT(5C)
COPC N /BLOC09/ALPfA(50),EM(50)
COIPCN /BLOC1O/ DJECCPP,CSITIPRNT,1RAINOTSTC(5C),INCRA
COPMON /BLOCI1/Q1(5CQ2(5C),QSUM(5C),QSLML(50)
CONMCN /BLOC14/ITYPE(5C),N0X(50),DX(SC),ELEMAX(5C)
COwPCN /BLCC15/RCCEF(50,50),PARAM(50,2),CROOF(50),HRCF(5C)
COMMON /BLOC17/LGIV(5C),ARCCF,NISCHCRCCFGRCCF(50),NCfF(50)
C COMPUTE LATERAL INFLOW RATE TO SEGMENT K
K = K
QLAI = C.
IF IIT'VPEIK) - 5) 5,30,5
5 IF (ITYPE(K) - 6) 10,30,10
10 QPR = CSUML(K)
DO 15 J=1,4
IF (JLAT(KJ)) 15,15,2C
20 JJ = JLAT(KJ)
IF(ITYPE(JJ)-5) 1CC,1CItCC
100 IF(ITYPE(JJ)-6) 102,101,102
101 QLAT=QLAT+02(JJI+IQRCCF(JJ)*GROOF(JJ)*NROOF(JJ))/FLGTH(K)
GAM=(Q2(JJ)/ALPHA(JJ))**(1./EM(JJ))
TEMP1=ALPHA(JJ)*DTS*EM(JJ)
GAR=TEP1*(GAF4*(EMlJJ)-1.))
WRIE(IOUT,200) T,KJJGAP
2CO FORMAT(1IH ,****lF6.2,2(2XI3),2XF6.3)
WRITE(7,210) TKJJGAM
210 FORPAT(F8.2,2(2X,13),2XFB.3,'DO )
GOTO 15
102 QLAT=QLAT+Q2(JJ)
15 CONTINUE
QSUML(K) = QLAT
QLAT = (QLAT + QPR) /2.
LAI CCCI
LAT CCC2
LAT C003
LAIT C004
LAT CCC5
LAIT CCO6
LAT C007
LAT CCC8
LAIT CC09
LAI C010
LAI CGil
LAIT CC12
LAIT C013
LAI CC14
LAIT CC15
LAIT 0016
LAT 0017
LAIT CC18
LAT C019
LAI C020
LA CC21
LAIT 0022
LAIT 0023
LAI CC24
LAIT CC25
LAT C026
LAT CC27
LAIT CC2E
LAIT 0029
LAIT 0030
LAT CC31
LAIT 0032
LAIT 0033
LAIT C034
LAIT CC35
LAI 0036
RETURN
20 CALL INFIL (KEPAP)
QPR=QSUML (K)
QLAT=(1./43200.)*(PARAM(K,2)*AP+(I.-PARAM(K,2))*EP)
QSUPL(g) = CLAT
QLAI=(QLAT+CPR)/2.
RETURN
END
SUBRCUTINE PACE
COPMON /BL0C0l/ICLT,INPT,tLMAXLASEG,NRC,KSEG(50)
C0PMON /BLOC02/TITLEf2C),TITRE(1e),NPAGE
NPAGE = NPACE i I
WRITE (IOUT,6CCO) KPAGE,TITLE
60C0 FORMAT (I41,1CX,4HPAGE,I4//20X,2CA4)
NL = 3
WRITE(ICLT,61CC) TITRE
6100 FORMAT(//2CX,1EA4/)
NL=NL + 4
RETLRN
END
LAT C037
LAT CC3E
LAT 0039
LAT C040
LAI CC41
LAT CC42
LAT 0043
LAT C044
LAT CC45
LAT CC46
LAT 0047
LAI CC48
LAT CCeA
LAT C050
LAT C051
LAI CC52
LAT C053
LAT C054
LAI CC55
LAT CC56
'-9
C
SUBRCUTINE RAINIIPLUIINCX)
CONMON /BLOCc1/IOUTINPTNLMAXLNSEGNRCKSEG(50)
COPMON./BLOC04/IUP(50,3),ILAT(50,4),ISEG(5C)
COFCN /BL0C05/IPR(50),FLGTI(50),SLOPE(5C),FRN(5C)
COPMON /SLOC101 DTECCMPCSITIPRNTIRAINtTSTC(50),INCPA
COPMON /BLC13/TRAIN(-250),P(250,5),NDPIND5(5O),1NC6(5C),IND7(50)
COPCN /ELOC14/ITYPE(50),NDX(50),0X(50),ELEMAX(5CI
COMPON /BLOC30/QCBS(4CO),CSYNT(4CO),TCUTFL(400)
IF(IPLUI.EQ.4) GO TC 6C ,
00 12345 J=1,400
12345 QOBS(J)=C.
60 CONTINUE
C - RAINFALL CATA
GO TC (10,20,30,35),IPLUI
10 READIINPT,11) TREXPREDTCSIECPP
11 FORMAT(5F10.O)
SNDP=2
Pf I,1)=EXPRE
P(2,1)=C.
TRAIN(1)=TR*60.
TRAIN(2)=1COCO.
GO TO ICCC
C TRIANGULAR RAINFALL PATTERN
20 READ(INPT,21) TPEXPRECTCSI,ECOVP,TMAX
21 FORMAT(6FIC.C)
EX IN=EXPRE
TMAX=TPAX*60.
T1=C.
T3=(TR*60.)-TMAX
IT2=(TR*60./CSI)
NDP=IT2
DO 110 J=I,IT2
TRAIN(J)=TI+OSI
IF(TRAIN(J).GT.TMAX) CC TO 120
X2=EXIN*TRAIN(J)/TMAX
RAItC1ol
RAINCCC2
RAINCCC3
RAINCO04
RAINCCC5
RAINCCC6
RAINC07
RAINOCC8
RAINCCCS
RAINC010
RAINC011
RAINCC12
RAIN0013
RAINC014
RAINCC15
RAINCC16
RAIN0017
RAINCO18
RAINCC1S
RAIN0020
RAIN0021
RAINCC22
RAINC023
RAINC024
RAINCC25
RAINCC26
RAING027
RAINCO28
RAINCC29
RAIN0030
RAINCG31
RAINCC32
RAIN033
RAINCO34
RAINCC35
RAINCO36
GO TC 130
120 X2=((TR*60.-TRAIN(J))/T3)*EX!N
130 P(JI)=X2
TI=TRAIN(J)
110 CONTINUE
GO TO 1CCC
C BLOCK RAINFALL OBSERVATION TYPE (CNE TC FIVE RAINGAGES)
30 REAC(IKPT,150) NCP,OSIECOMP,OTCACFS
150 FORIAT(15,4F10.0)
35 IF(IPLUI.EQ.4) URITE(IOUT,6543) OT
6543 FORtJAT(IH0,15X,'RAINFALL INTENSITV AS FCR PRECEECING STCRP'/
120X,00T (PINUTES) = ',FL0.3/)
IF(IPLUI.EQ.4) GE TC lICCO
DO 155 I=1,NDP
REAI(INPT,157) TRAIN(I),COES( I)
157 FORMAT(7F8.C)
READ(INPT,177) (P(I,J),J=1,NRG)
177 FORPAT(20F4.0)
155 QOBS(I)=QCBS(I)*CACFS
1CCO CONTINUE
WRITE(ICUT,900) 0TOSI,ECOFP
9CO FORPAT(///20X,'TIPE IhCREMENT (0INUTES) =',F8.2/
121X,'OUTPUT SAMPLING INTERVAL (PINLTES) =',F8.2/
221X,'ENC OF COMPUTATIONS (MINUTES) =',FE.2//)
NL=NL+6
IF(NL-PAXL+10) ECC.,ECC,8C1
800 CALL PAGE
NL=NL+7
ECI CONTINLE
11CCO OTS=CT*6C.
IF(INCX.EC.0) CC TO 1001
C INPLU CF THE SPACE INCREPENTS FCR THIS RUN
READ(INPT,173) (NDX(I),I=1,25)
IF(NSEC.LE.25) CO TO 1(03
READ(INPT,173)(NEX(I),1=26,50)
173 FORPAT(2513)
RAINC037
RAINCC3e
RAINCC39
RAINC040
RAINCC41
RAINCC42
RAIN0043
RAINC044
RAINCC45
RAINC046
RAIN0047
RAINCC4E
RAINCC49
RAINCO50
RAINCC51
RAINCC52
RAINC053
RAINCC54
RAINCC55
PAINC056
RAINCO57
RAINCC5E
RAINC059
RAINCO60
RAINCC61
RAINCC2
RA IN0063
RAINCC64
RAINCC65
PA INC066
PAINC067
RA INCC6E
RAINCC69
PAINC070
RAINCC71
RAINCC72
1003 CONTINUE
IF(NL - IVAXL+ 10) 191,191,192
192 CALL PAGE
191 WRITE(ICUT,179)
179 FORfJAT(1H0,30X,'IESCRIPTICN OF THE SPACE AXIS'//)
WR ITE( 10UT193)
193 FORMAT(1HO,20X,'ISEG,1CX,'LENGTH',1CX,'NOX,1CX.,ODX'//37X,'FEET'
1,21X,'FEETl//)
NL=NL+r'
00 810 I=1,NSEC
IF(ITYPE(U).NE.7) GOTO 160
DX(I)=C.
GOTO LEI
160 DX(I)=FLGTH(I)/NX(I)
161 WRITE(ICUT,811) ISEG(I),FLGTf-(I),NCX(I),CXlI)
811 FORMAT(1H ,21XA4,8X,F1C.2,8X,13,8XFlO.4)
NL=NL+1
IF(NL-PAXL) 810,810,812
812 CALL PAGE
WRITE( TOUT, 193)
NL=NL+5
810 CONIINLE
GO TO 1CC2
1001 WRITE(ICUT,813)
813 FORPAT(1IHC,30X,'TE SPACE CESCRIPTICN IS ICENTICAL TO THE CESCRIPT
lION USED FOR THE PRECEEDING PRCBLEP'//)
NL=NL+6
1C02 CONTINUE
REILRN
EN-
PAINC073
RAINCC74
RA INC C75
RAINCO76
RAINCC77
RAINCC78
RAINCO79
RAINCC8C
RAINCC8 1
RAINC082
RAINC083
RAINCC84
RAIN0085
RAINC086
RAINCC87
RAINCCE8
RAINCO89
RAINCCSC
RAINCC91
RAIN092
RAINOCS3
RAINCCS4
PAINC095
RAINC096
RAINCCS7
RAINC098
RAINC099
RAINC1CC
RAINCICI
PAIN0102
IJ
H
C
SUBROUTINE ROOFIK)
COPMON /BLOCO1/IOUTINPTNLtAXL, SEG,NRCKSEG(5C)
COtqCN /eLOG10/ DTECCMPCSI,T,IPRNTIRAINETS,TO(5C),INDRA
COPMON /BLOC13/TRAIN(250),P(250,5),NF,1NC5(50), N6(5C),INJ7(50)
COPMON /BLOC15/RCOEF(5C,5C),PARAw(5C,2) ,CCCF(50),FRCCF(5C)
COFCN /eLOC17/LGIV(50),AROOFNOISCH,CROFGROOF(5C),NRoOF(50)
11 IF(1-TRATN(INCPA))7,T78
8 IF(INDRA-NDP) ',iCiC
9 INERA= INCRA+1
GOTC 11
7 AVEG=O.
00 20 I=1,NRG
20 AVEG=AVEG+RC0EF(K,f)*F(INCRA, .)
25 HRCCF(K)=HR00F(K)+AVEG*DT/60.
IF(HR0F(K).LE.6) GOTC 70
WRITE( ICUT,69)q
69 FORMAT(-//40X,'******RCCF CVERFLCWEC-EXECUTICN TFRMINATING4444***)
CALL EXIT
o 70 IF (FRCCF(K).CT..0625) GOTO 71
QRCCF(K)=C.
DELH=O.
GOTC 23
71 QRCCF(I)=CRCOF*(F1RCCF(K)-.0625)*NCISC-
DELH=((QRCOFtK)*DTS)/APCCF)*12.
IF(I-ROCFfK)-.0625-0ELH) 22,23,23
22 QRCCF(K)=(((HRCCF(t<)-.0625)/12.)*AROOF)/CTS
HRCQF(K)=.C625
RETURN
23 HRCCF(K)=t-'P0F(0<)-CEL-
RETURN
Ic AVEG=C.
GOTC 25
ENE
RCOFCCC1
RCOFCCC2
RCCFCCC3
RCCFCCC4
RCOFCCC5
RLCFC006
RCCFCC07
RCOFCCC8
RCOFC009
RCCFC1OO
RCOFCC11
RCGFCC12
RCCFC013
RCCFCC14
RCOFCC15
RCCFCC16
RCCFCC17
RCOFCC18
R(CFCC19
RC(CFC020
RCOFCC21
RCOFC022
PCCFC023
RCOFCC24
RCOFCC25
PCCFC026
RCCFCC27
RCOFCC28
RCCFC029
RCCFC030
RCOFCC31
RCOFCC32
RCCFC033
RCCFCC34
C
SUERCUTINE ROUTE(IPLUI,INDIl,1IN12)
REAL ISEGIUPILATILCSS
COPMON /BLOCO1/IOUTINPTNLMAXL,SEGiRC,KSEG(50)
COPMCN /BLOC03/ILOSSFaFCFK,OETEN(5C),1INFJL(5C),CPERVIIPP
COPPCN /BLC04/IUP(50,3),1LAT(50,4),ISEC(50)
COPMON /BLaC06/ICUTTCUTQCUT(50),SEG(50),JCUT(50)
COPMON /BLOC05/IPR(50),FLGTH(50),SLOPE(5C),FRN(5C),TCTRAI,TDEP
COIPPN /BLICOB/C?AX(50),STC(50),ELEV(50)
CORMON /BLOC09/ALPHA(50),EP(50)
CORMON /BLOC1C/ DTECOMP,0SITIPRNTIRAINtESTC(5C) ,ihERA
COtKCN /BLOC11/01(50),02(50),QSUM(50),QSUML(50)
COPMON /BLOC12/A(50,50),AA(50,50)
COPMON /BLOC13/TRAIN(250),P(250,5),NDP,IhD5(50),INC6(5C),INC7(50)
COPPON /BLOC14/ITYPE(50),NDX(50),DX(50),ELEMAX(5C)
COPYCN /BLCC15/RCUEF(50,5O),PARAp(50,2),CRCCF(50)ItRCOF(5C)
COPMON /BLOC16jINWA(5C),00U7WAT(50)
CORMON /BLOC17/LGIV(5Ch)AROOFNDISCHORCCFGROCF(5C),NRECF(50)
COPPCN /BLCC18/THETP(50)
COPMON /BLOC30/0CBS(4CC),Q5YNT(400),TCUTFL(400)
2 CALL INIT
DO 1168 JJ=1,NSEG
1168 THEIM(JJ)=0.
C COMPUTE OUTFLOW HYDROGRAPHS FCR EACH SEGPENI'
KKl=NCUT/10+1
CALL PAGE
WRITE(IOUT,600E) (SEG(J),J=lN0U0)
65 CALL FLCW
66 IF(IPRNT*CSI-T) 60,60,70
70 IF(T-ECOMP) 65,E5,1CC
60 TOUT=IPRNT*CSI
B = (TCUT - (T - CT))/CT
DO 61 J=1,NCUT
K JOUT(J)
61 QOUTIJ) = 014K) +( 2(K) - CI(K))*E
IF (NL - YAXL + 3) 75,75,76
RCUTC001
RCUTC002
ROL1CCC3
ROUTCCC4
RCUICCO5
ROLTCCC6
ROUTCCCI
RCUT0008
RELlCCC9
ROUTCCC
RCUT0011
RCLIC012
ROUTCC13
ROUTC014
RCLTC015
ROLiCO16
ROUTC017
RCL10018
ROLTCC19
ROUTCC2C
RCUT0021
RELICC22
ROUTCC23
RCUTC024
RCLTC025
ROUTCC26
RCUTC027
RCLT0028
ROL'TCC29
ROUTCC3C
RCUIT0031
RUtICC32
ROUTCC33
RCUT0034
RC1UC035
ROLTCC36
-- I
76 CALL PACE
WRITE (ICUT,6008) (SEG(J),J=1,NOUT)
6CC8 FORMAT (8X,4HTIFEtX,32HCUTFLCW HYCRCGRAFIS FOR SECMENTS/
1 7X,5H(MIN),lX,l0(6XA4)/( 9X,A4,6X,A4,6XA4,6X,
2 A4,6XA4,6XA4,6XA4,6XA4,6XA4,6XA4))
NL=NL+KK1
75 NL=NL+KKI
WRITE (ICUT,6009) TOUT,(QOUT(J),J=1,N0IT)
6C09 FORFAT (6XF7.2,2X,1OFlO.4/(I5X,IOFIO.4))
C
C THE ONLY SEGMENT FOR WHICH QSYNT(I) IS SAVED 1S THE CL7LEI CF THE SITE
C
C TO
C
SAVE OTHER HYDRCGRAPHS ,NEEC TC ACC ALPHANUMERIC COtPAAC....
K1=KSEG(NSEG)
QSYNT(IPRNT)=11K1)*+(2(K1)-I,1(K1))*e
TOUTFL(IPRNT)=TCUT
IPRNT = IPRNT + 1
DO 80 I=1,NSEG
IF(IND6(I).EQ.C) GETO 80
NL=NL+l1
IF(IND7(I).EQ.1) GOTO 900
WRITE(IOUT,6080) ISEG(I),TALPHA(I),STC(I)
6C80 FORMAT(2CX,'PRESSURE FLOW-SEGMENT ',A4,' TIPE = ',F1C.1,' ALPhA =1
1,F12.5,' STORAGE = 'F10.2,' CF')
GOTC 9CL
9CC WRITE(IOUT,9911)ISEG(I),TALPHA(I),STC(I)
9917 FORMAT(20X,'PRESSURE-FLOW-SEGMENT S,A4,' TIME = ',FIC.1,' ALPHA ='
1,F12.5,' STERAGE = ',F10.2,' CF',' GRAC. NEGATIVE')
9qC IND6(I)=C
IND7( I )=C
80 CONTINUE
GO TO 70
ICO CONTINLE
CALL PAGE
WRITE (lOUT, 2080)
RCUTC037
R 0I C1C38
ROLTCC39
RCUTC040
RCUTC041
ROLT.CC42
ROUT0043
RCUT0044
ROL1CC45
ROUTCC46
CLI10047
ROtCC48
ROUTCC49
RCUTC050
RCLTC051
ROICC52
ROUTCC53
RCUTC054
RCICC55
ROUTCC56
RCUT0057
RCI T1058
ROUTCC59
RCUT0060
RCUTC061
ROL1C062
ROUT0063
BOUT0064
ROt1CC65
ROUTCC66
RCUT0067
RCU10068
ROLICC69
ROUTCC7C
RCUT0011
RCUTC072
2080 FORFAT(IHC,20X,'PASS EALANICE AT T-E EC CF TIE CCMPUTATIONS'/
120X,'SEGMENT',1CX,'INAATER',CX,'CUTWATEP',10X,'VISURFACE',OX,'VRC
20F'/37X,'FT.CU.',11X,'FT.Ct.',12X,'FJ.CL.',13X,'FT.CL.'//)
NL=NL + 7
TOTIN=C.
TOROOF=C.
TOTSUR=0.
DO 25 1=1,NSEG
TOTIN=IOTIN+(TINFIL(I)/12.)*(PARA(I,1)*FLCTF-(I))*(1.-FARAJ(!,2))
IF(I.EQ.KSEG(NSEG)) TOTOUT=OUTWAT(U)
VSUR=O.
N=NDX(I)
VRCOF=(HR0OF(I)/12.)*ARCOF*NRCOF(I)
TORCCF=TCROOF+VROOF
DO 26 J=1,N
IF(ITYPE(I)-5) 312,313,312
312 IF(ITYPE(1)-6) 314,313,314
u.314 VSUR=VSUR+(((A(I,J)+A(IJ+1))/2.)*CX(I))
H GOTO 26
313 VSUR=VSUR+(((A(I,J)+A(I,J+1))/2.)*DX(l))*PARAM(I,1)
26 CONTINUE
TOTSUR=TOTSLR+%VSUR
IF(NL-MAXL+1) 2C85,20E5,2CE6
2086 CALL PAGE
WRITEFICUT,2080)
2C85 WRITE(IOUT,2082) ISEG(1),INMAT(I),CLT AT(I),VSUR,VRCCF
2082 FORMAT(IH ,19X,A4,8X,F15.5,4XF15.5,7X,F15.5,4X,F1C.5)
NL=NL+1l
25 CONTINLE
TOTAL=TOTOUT+TOTSLR+TCRCOF+TOTIN+TDEP
PCT=((TCTAL-TOTRAI)/TOTRAI)*100.
WRITE(IOUT,3086)TCTRAITCTCUTTCTSUR,TCR(CF
3086 FORMAT(//10,'TOTALS TOTAL RAIN',F17.5,4X,F15.5,7X,F15.5,3X,Fil
1.5)
WRITE(ICUT,3087) TCTIN,TCEFPCT
3087 FORMAT(lH ,IlX,'TCTAL INFILTRATEC',2X,F15.5,1OX,'TCTAL CEPRESSICN
ROLICC73
ROUTC074
RCLICO75
ROLICC76
ROUTCC17
RCUTC078
RCLT0079
ROL CCEC
ROUTCCE1
RCLTC082
ROLICC83
ROUTCCE4
RCUTC085
RCUC086
ROLICC87
ROUICCEE
RCUTCC89
RCLlCCSC
ROUTCCS1
RCUT0092
RCLTC093
RCUTCCS4
RCUTC095
RCUTC096
RL ICC 97
ROUTCCSE
RCLTC099
ROLlClCC
ROUTCIC1
RCUT0102
RCLT0103
ROUTC 1C4
RCUT0105
RCUT0106
ROLICIC7
ROUT0108
1 STCRACE',2XF11.5,3X,IPCT +/-',1X,F6.1)
WRITE(ICUT,lt69)
1169 FORMAT(1H,10X,'lAGNITUtE CF THETA PAXIPLP 1/)
00 1170 J=1,NSEG
1170 6RITE(ICUT,1171) ISEG(J),TFETM(J)
1171 FORMAT(H ,20XA4,1CXF1C.5)
CALL PAGE
WR ITE( ICUT,6890)
6890 FORMAT(IHC,15X,'CBSERVEO AfE SYNTI-ESIZEC iYCPOCRAPI-S--CUTLET OF TH
IE SITE'/ICX,'TIMEI,11X,IOBSERVED',11X,'SNNTI-ESIZECI//)
NL=NL+4
K2=IPRNT-1
IF(IPLUI.EQ.3.AND.IND1I.EQ.1) GOTC 898
GOTC 899
898 WRITE(7,6891) fTCUTFL(Kl1),CO6S(KI),K1=1,K2)
899 IF(IND]2.NE.1) GCTC 21C
WRITE(7,6891) (TOUTFL(K1),QSYNT(K1),K1=1,K2)
6891 FORVAr(1OF8.2)
210 CONINLE
DO 208 K1=1,K2
WRITE(ICUT,6888) TOUTFL(K1) ,QBS(Kl),QSYNT(K1)
6888 FORPAT(1H ,8XF5.1,2(1CX,F10.2))
NL=NL+1
IF(NL-PAXL) 208,208,209
209 CALL PAGE
WRITE IOUT,689C)
NL=NL+4
2C8 CONTINUE
RETLRN
ENO
RCLTO109
ROLC ti
ROUTC 111
RCLIC112
ROLIC113
ROLTC114
RCUT0115
RCLTC116
ROUTC11
RCUT0118
RCUTC119
ROLIC 12C
ROUT0121
RCUT0122
ROLtC123
ROUTC124
RCLT0125
ROLtC126
ROUTC127
RCUTO 128
RCLT0129
ROUTC13C
RCUTO 131
RCUTC132
ROLIC133
ROUT0134
RCLT0135
RCtICI36
ROUTC137
RCUT0138
C
SUBROUTINE SEQ
REAL ISEGIUP, ILAT,ILCSS
DIPENSICN ITESI(50)
COVMON /BLOC01/IOUT,INPT,NL,MAXL,SEG,NRG,KSEG(50)
COPCN /PLOC04/IUP(50.3),ILAT(5C,4),ISEG(5C)
COPIPCN /PLIC07/JUP(50,3),JLAT(50,4),[CNEXT(50)
COVMON /BLOC14/ITYPE(5C),NCX(5C),CX(5C),ELEt4AX(50)
00 60 I=1,NSEG
ITESTI) = 0
DO 61 J=1,3
X = IUP(IJ)
JUP(I,J) = ITRAN(X)
JI=JLP(IJ)
IF (ITYPE(J1)-2) 61,3C1,61
301 IONEXT(JI)=I
61 CONTINLE
DO fC J=1,4
X = ILAT(IJ)
JLAT(I,J) = ITRAN(X)
w 60 CONTINUE
11 = 0
00 70 I=1,NSEG
IF (ITYPE(I) - 5) 71,72,71
71 IF (ITYPE(I) - f) 70,72,70
72 N = 0
DO 73 J=1,4
IF (JUP(U,J)) 13,73,74
74 N = 1
73 CONTINUE
IF (N) 75,75,7C
75 II = II + 1
KSEG(II) = I
ITESTI) 1
70 CONTINUE
I = 1
SEQ CCC1
SEC 0002
SEQ C003
SEQ CCC4
SEQ C005
SEC C006
SEQ CCC7
SEQ CCC8
SEC C009
SEQ CC1C
SEQ CCIl
SEC C012
SEQ CC13
SEQ CC14
SEC C015
SEC 0016
SEQ CC17
SEC C018
SEC 0019
SEQ CC2C
SEQ CC21
SEC 0022
SEQ 0023
SEQ CC24
SEC C025
SEC CC26
SEQ CC27
SEC 0028
SEC 0029
SEQ CC3
SEQ C031
SEC 0032
SEC CC33
SEQ CC34
SEC 0035
SEC C036
KI j
NIT = C
82 IF (ITEST(Il)) 81,81,8C
80 I = I + I
IF (I - NSEG) 82,82,83
83 I = 1
NIT = NIT + 1
IF (NIT - 3*NSEC) 20,20,149
20 IF (II - NSEG) 82,120,120
81 N = 0
DO 90 J=1,3
IF (JUP(IJ)) 90,90,91
91 K = JUP(IJ)
IF (ITEST(K)) 92,92,90
92 N = 1
90 CONTINUE
00 95 J=1,4
IF (JLAT(I,J)i 95,95,96
w 96 K = JLAT(IJ)
IF (ITESTIK)) 91,97,95
97 N = 1
95 CONTINUE
IF (N) 11C,10,EC
110 II = II + 1
KSEG(II) I
ITESl(I) I
IF (II - NSEG) EC,120,120
120 IF (NL - 14AXL + 10) 121,.121,122
122 CALL PAGE
C OUTPUT COMPUTATION SEQUENCE
121 N = 0
WRITE (ICUT,6008)
6008 FORMAT (//5CX,2CHCCMPUTATION SEQUENCE//52X,5HINCEX,
1 3X,7HSEGMENT)
NL = NL + 5
DO 13C I=1,NSEG
K = KSEG(I)
SEQ CC37
SEQ 0038
SEC C039
SEC CC4C
SEQ CC41
SEC 0042
SEC 0043
SEQ CC44
SEQ C045
SEQ C046
SEQ C047
SEQ CC4E
SEC 0049
SEC CC5C
SEQ CC51
SEC C052
SEC 0053
SEQ CCS4
SEC C055
SEC 0056
SEQ C057
SEQ C058
SEC 0059
SEC CC6C
SEQ CC1
SEC 0062
SEC 0063
SEQ CC64
SEC 0065
SEC C066
SEQ CC67
SEQ C068
SEC CC69
SEQ CC7C
SEQ C071
SEC 0072
IF (ITYPE(K) - 4) 131,131,140
131 NN = C
00 135 J=1,3
IF (JLPT(K,J)) 136,136,134
136 IF (JUP(K,J)) 135,135,134
134 NN = 1
135 CONTINUE
IF (NN) 133,133,140
133 N = I
IF (NL - MAXL 4 1) 143,143,142
142 CALL PACE
WRITE (ICUT,60C8)
143 NL = NL + 1
WRITE (ICUT,6009) K,ISEG(K)
6CC9 FORFAT (52XI3,6XA4,6X,221-FISSING INFLCW SEGMENT)
GO TO 13C
140 IF (N1 - MAXL + 1) 144,144,14
145 CALL PAGE
WRITE (IOLT,6CCE)
144 NL = NL + 1
WRITE (ICUT,6010) KISEC(K)
6C10 FORMAT (52XI3,6XA4)
130 CONTINUE
IF (N) 150,150,149
149 WRITE (ICUT,6011) II,(ITEST(J),I=ltSEG)
6011 FORMAT (42X,35HINPUT DATA ERROR, EXECLTICN STCFPEC/
1 5X,I5/(5X,1CI5))
WRITE (ICUT,6020) (I,(JUP(IJ),J=1,3),
I (JLAT(IJ),J=1,4),I=1,NSEG)
6020 FORMAT (5X,10I5)
CALL EXIT
150 CONIINLE
RETURN
ENC
SEQ CC73
SEQ CC74
SEC C075
SEC 0C76
SEQ CC77
SEC 0078
SEC C079
SEQ CCEC
SEQ CCE1
SEC 0082
SEC CCE3
SEQ CCE4
SEC 0085
SEC C086
SEQ CCE7
SEQ 00e8
SEC C089
SEQ CCSC
SEQ CCSI
SEC 0092
SEC CC93
SEQ CC94
SEC C095
SEC 0096
SEQ CC97
SEQ 0098
SEC C099
SEQ CICC
SEQ dCIC
SEC 0102
SEC CIC3
SEQ C1C4
SEC 0105
SEC 0106
C
SUBROUTINE UP(KIQUP)
REAL ISEGIUP,ILATILSS
COPMON /BLOCO1/ICUTINPTNLAXLsEG,NP,KSEC(50)
CONMON /BLOC05/IPR(50),FLGTW(50),SLCPE(5C),FRN(5C)
COPRCN /BLOC07/JUP(50,3),JLAT(50,4),ICNEXT(50)
CCMCN /BLOC08/QtfAX(50),STC(50),ELEV(50)
COPMON /BLOCC9/ALPHA(5C),EM(50)
COtfVCN /PLOCLO/ CTECOMP,0SIT,IPRNT,IRAIN,ITSTC(5C),INORA
COPPCN /BLOCI/C1(50),C2(50),CSU(50),CSUML(50)
CONMON /BLOC13/TRAIN(25C),P(250,5),NDPIND5(50),INE6(50),INC7(50)
COPMCN /BLOC14/ITYPE(5C),NCX(50),OX(5C),ELF'AX(5C)
COf(FCN /BLIC15/PCCEFf50,5O),PARAM(50,2),CROF(50),RCUF(50)
COPMON /BLOC17/LGIV(5C),ARCCFNCISCPI,CRCCFCRCCF(50),dPCCF(50)
C PREPARED BY RAFAEL BRAS JAN 1973
C COMPLTE UPSTREAR INFLCW TO SEGMENT K
QUP=C.
QPR=QSUM(K)
00 10 J=1,3
IF(JUP(K,J)) 10,10,11
11 JJ=JUP(KJ)
GAMi=(C2(JJ)/ALPI-A(JJ))**(1./EM(JJ))
TEtP2=ALPHA(JJ)*EP(JJ)
GAMI=TEMP2*(GAkl**(EM(JJ)-1.))
ON WRITE(IOUT,6) 7,KJJGAMI
6 FOPPAT(IlF ******'F8 4 2,2(2X,13),2XF8.3)
WRIIE(7,250) TN,JJ,GA'1
250 FORMAT(3X,FE.2,2(2X,I3),2X,F8.3,'DC')
QUP=QUP+C?(JJ)
1C CONTINLE
QSUM(K)=CUP
IF(ITYPE(K).EQ.2) GOTO 111
IF (CUP - Cf'AX (()) 30,30,15
15 IF (QPR - QPAX(K)) 21,25,25
21 PDT = (QUP - QPAX(K))/(QUP - QPR)
STC(K) = STC(K) - CTS*(CMAX(K) - CPR)/2.O(1.-PET)
UP CCC1
UP C002
LP CCC3
UP CCC4
UP CO5
UP C006
UP CcC7
UP 0C08
LP 0009
LP CcI
UP C011
UP 0012
LP 0013
UP CC14
UP 0015
LP CC16
UP CC17
UP 0018
LP C019
LP CC2C
UP 0021
UP 0022
tP CC23
UP CC24
UP 0025
LP CC26
UP C027
UP 0028
UP 0029
LP CC3C
UP 0031
LP 0032
LP CC33
UP CC34
UP 0035
LP CC36
K-; -I
IF (STOIK)) 22,23,23
22 STO(K) = 0.
23 STC(K) = STO(IK) - CTS*(CUP - QMAX(K))/2.*PCT
QUP = QMAXIK)
RETURN
25 STO(K) = STO(K) + ((QPR + QUP)/2. - QMAX(K))*DTS
QUP = VMAX(K)
RETURN
30 IF (CPR - QMAX(K)) 31,31,32
31 IF (STC(KI) 40,40,41
40 RETURN
-32 PDT = (QPR - QMAX(K))/(QPR - QUP)
STOIK) = STOIK) - PDT*DTS*(QPR - QMAX(K))/2.
IF (STC(K)) 33,35,35
33 STO(K) = C.
35 QUP = QMAX(K)
RETURN
u 41 STO(K) = STO(K) - (CMAX(K) - (CPR + QUP)/2.)*CTS
4 IF (STO(K)) 42,43,43
42 STC(K) = 0.
43 QUP =.CMAX(K)
RETURN
111 AMAX=3.14*(PARAM(K,1)*42.)/4.
IDTS=DTS
IF(ELEV(K).NE.C.) GOTC 13C
C CHECK FOR LAST SEGMENT
IF(I.EC.NSEG) GCTC 135
C CHECK IF NEXT SEGFENT IS PIPE
KNEXT= IDNEXT(K)
IF(ITYPE(KNEXT).NE.2) GCTC 135
IF(ELEY(KNEXT).NE.0.) GCTC 140
135 QMAXIK)=1.49/FRN(K)*AmAX*(PARA (K,1)/4.)**(2./3.)*SCRT(SLCPE(K))
IFfQUP-QMAX(K)) 200,200,202
2CO ALPHA(K)=QMAX(K)/(APAX**1.25)
ELEV(K)=C.
STC(K)=O.
UP CC37
LP 0038
LP CC39
UP CC4C
UP 0041
UP 0042
LP CC43
UP 0044
UP 0045
LP CC46
UP CC47
UP 0048
UP 0049
LP CC5C
UP CC51
UP C052
LP CC53
UP CC54
UP 0055
UP 0056
UP CC57
UP C058
UP 0059
LP C06C
UP 0061
UP C062
UP CC63
UP CC64
UP 0065
UP CC66
UP CC67
UP 0068
LP 0069
UP (CiC
UP C071
UP C072
RETLRN
202 S=SLOPE(K)
INC6 (K )=1
18 QSPAX=0.
7 DO 4CC LL=1,IDTS
STO(K)=QUP-QMAX(K)+STC(K)
IF (STC(K)) 401,401,402
ACi Q=510(K)+QMAX(X)
STO(K)=C.
ELEV(K)=0.
QSPAX=CSPAX+Q
QMAX(K)=1.49/FRN(K)*A4AX*(PARA?(K,1)/4.)**(2./3.)*SCRT(SLCPE(K))
GOTO 4C0
402 ELEV(K)=STC(K)/PARAP(K,2)
IF(ELEV(K).LE.ELEVAX(K)) GT0 500
ELEV(K)=ELEMAX(K)
500 GRAI=ELEV(K)/FLCTH(K)4S
QMl=QPAX(K)
IF(GRAD) 41C,41C,411
410 GRAD=.C00001
411 QMAX(K)=1.49/FPN(I)*AAX*(PARAM(K,1)/4.)**(2./3.)*SQRT(GRAD)
QM2=QM1+STO(K)
IF(QM2-OMAX(K)) 415,415,416
415 ELEVIK)=0.
Q=QML+STO(K)
QSMAX=QSMAX+Q
STC(K)=0.
OMAX(K)=1.49/FfK(F)*AAX*(PARAM(K,1)/4.)**(2./3.)*SCRT(SLCPE(K))
GOTC 4CC
416 Q=QfAX(K)
QSPAX=CSPAX+C
STO(K)=QM1+STOfN)-QPAX(K)
ELEV(K)=STO(K)/PARAt(K,2)
IF(ELEV(K).LE.ELEYAX(K)) CCTO 600
ELEV(K)=ELEMAX(K)
600 GRAC=ELEV(K)/FLCTf4(K)-+5
LP CC73
UP C074
up C075
LP CC76
UP CC77
UP 0078
uP OC79
UP CCEC
up 0081
LP 0082
LP CMe3
UP CCE4
UP 0085
uP CC86
UP CCE7
UP C088
UP C089
LP CCSC
uP C091
LP 0092
LP CCS3
UP cc's4
UP 0095
UP CC96
UP CC'7
UP 0098
uP C099
LP CiCC
UP cIcI
LP 0102
LP CIC3
UP CIC4
uP 0105
LP ClC6
UP CIC7
UP 0108
00
IF(CRAC) 430,430,431
430 GRAD=.CCCC0
431 QMAX(K)=1.4/FRN(K)*AAX*(PARA(K,1)/4.)**(2./3.)*SCRT(CRAE)
400 CONTINUE
QUP=CSwAX/ICTS
ALPHA(K)=QUP/(APAX**1.25)
RETURN
140 INC6(K)=1
GRAD=(SLCPE(K)*FLCTti(K)-ELEV(KNEXT))/FLCT(K)
IF(GRAD) 45C,45C,451
450 S=CRAD
475 GRAD=.CC0001
IND7(K)=1
GOTO 452
451 S=GRAD
452 QMAX(K)=1.49/FRN(K)*AAX*(PARAM(K,1)/4.)**(2./3.)*SQRT(CRAC)
IF(QUP-QMAX(K)) 2CC,2CC,18
130 INC6(K)=1
IF(I.EG.NSEG) GCTC 460
KNEXT= ICNEXT(K)
IF(ITYPE(KNEXT).EQ.2) COTO 465
460 GRAO=ELEV(K)/FLCTH(K)4SLCPE(K)
QMAX(K)=1.49/FRN(K)*AMAX*(PARAM(Kl)/4.)**(2./3.)*SCRT(GRAC)
S=SLOPE(K)
QM3=QUP+STC(K)/CTS
IF(QM3-QMAX(K)) 200,2CC,18
465 GRAD=(SLOPE(K)*FLGTH(K)-ELEV(KNEXT))/FLGTH(K)
IF(GRAC) 470,470,471
471 S=GRAD
GRAD=ELEV(K)/FLCTH(K)+S
QMAX(K)=1.49/FRN(K)*AMAX*(PARAM(K,1)/4.)**(2./3.)*SQRT(GRAO)
QM3=QUP+STC(K)/ETS
IF(QM3-QMAX(K)) 2CC,2CC,18
470 S=CRAO
GRAD=(ELEV(K)-ELEV(KNEXT))/FLCT(K)+SLOPE(K)
IF(GRAD) 475,475,476
LP 0109
UP CIIC
UP 0111
LP 0112
IP C113
UP C114
UP 0115
LP C116
LP C117
UP 0118
LP 0119
UP C12C
UP C121
UP 0122
UP C123
UP C124
UP 0125
LP 0126
UP C127
UP 0128
UP 0129
IP C13C
UP 0131
LP 0132
UP C133
UP C134
UP 0135
UP C136
UP C137
UP 0138
UP 0139
UP C14C
UP 0141
UP 0142
LP C143
UP C144
I
476 QMAX (K)=1.49/FPN(K)*AMAX*(PARAM(K,1)/4.)**(2./3.)*SCRT(GRAO)
QP3=CUP+STCIK)/CTS
IF(QM3-QMAX(K)) 200,2CC,18
ENC
LP 0145
LP C146
UP CIA7
UP 0148
(A(A
0
C
SUEROUTINE WATER I(KQUP,QLAT, APEP)
REAL INM'T
CUPON N /BLC05/IPR(50),FLGTH(50),SLCPF(5C),FPN(50)
COIVMCN /BLOC1O/ OT,ECCvP,CSI,T,IPRI\T,IRAIN,L1T ,1C(5C),IIEPA
CC PCN /PLCC1?/t(50,50),AA(50,50)
COPPON /PL[C1'/ITYPE(5C),NUX (50),EX (50),ELEPAX (9C)
COPPON /BLOC15/RCOEF(5C,5C),PARA (5C,2),CRCEF(5C),FPCCF(50)
COHPCN /PLCC16/INWAT(50),OUTWAT(5C)
C CCVPLIE WHE VATEP INPLT TC EACI SEG(ENT
VUP=C.
VLAT=0.
IF(ITYPE(i)-5) 5,10,5
5 IF(ITYPE(K)-6) 15,lC,15
15 IF(ITYPE(K)-7) 20,3C,2C
20 VLAT=QLAT*FLGTF(K)*UTS
VLP=QUP*0TS
INvAT(K)=INWAT(K) + VLAT + VUP
GO TC 50
10 IF(EP.GF.C.) CC TC 69
NC X(K )+1
EO 75 J=?,N
Zl=((AA(K,J-I)+tA(t<,J))/2.)*EX(<)
Z2=QLAT*hX(K)*01S
Z3=-722
IF(Zl.CE.13) CC TC 71
VLAT=-Z 1
GO TO 75
71 VLAT=Z2
75 IN AT(K)=INWifAI( )+VLAT*PARAP()<,1)
GO TO 5C
69 VLAT=QLAT*CTS*FLCT(K)*PARAM(K,1)
IN'ATI( )=IN'AT( ) 4 VLAT
GO TO %C
30 VUP=CUP*CTS
IN ATH<)=INWAT(K) + VUP
W AT ICCC1
WATICCO2
WAIICCC3
WATICCC4
WATICCO5
kAT ICCC6
kATICCC7
WATICCO8
VATICCC9
SA I ICC IC
WAT IC0 11
hATIC012
hA ICC13
WAT ICC14
W AT IC 015
fATICC16
WAT ICC 17
WAT IC018
hAT ICC is
hAT I(C2C
WATIC021
hATIC022
IrA 1 ICC23
WATIC024
hATIC025
IrA I ICC26
IAT ICC27
WAT IC028
hA lJCC2S
WATICC3C
kATIC031
hAT[C032
V A 1I CC3 3
WAT IC0 34
hAT IC035
hAIlCC36
50 R~ETLRN WA T ICC31
ENC u: WATIC038
E N 1
SUERCUTINE WATERO(K)
REAL INWAT
COPMON /BLOClC/ DTECCPP,C I,TIPRNTIRAIN,CTS,TC50),INCRA
COPMON /BLOC11/Q1(50),Q2(5C),QSUM(5C),QSLML(50)
COPPCN /8LCC14/ITYPE(50),NEX(50),CX(5C),ELEMAXLSC)
COPMON /BLOC15/RCCEF(50,50),PARA(5C,2),CRCCF(50),I-RCOF(50)
CONMON /8LOC16/INWAT(5C),OUTWAT(5C)
IF(ITYPE(K).EQ.7) GO TO 25
Q=(CI(K)+Q2(K))/2.
IF(ITYPE(K-5) IC,11,1C
10 IF(ITYPE(K)-6) 12,11,12
11 Q=Q*PARAP(Kl)
12 OUTWAT(K)=OUTWAT(K)+(Q*DTS)
GO TC 40
25 OUTWATLK)=INWAT(i)
40 RE1LRN
END
C NATCC001
WATCC002
6ATCCCC3
WATOCCC4
WATC0005
WAICCCC6
WATOCCC7
WATCCOC8
WATCCOO9
WATOCCIC
WATC011
WATCCO12
hA 10CC 13
WATCCOI4
h AT CC 015
hA MCC16
WATOCC17
WATC0018
*1
Appendix 7
The Rainfall,Runoff Network Design Program
The rainfall-runoff network design program is the second
step in the network design algorithm described in Section 5.4.1. It
performs the following funcoL4ns:
') Estimates rainfall model parameters
2) Performs filtering algorithm on incomplete, noisy
rainfall observations
3) Propagates uncertainty through state-space runoff
model
A description of the format and data needs of the program
follows together with a code listing.
The program is coded (as all other programs in this work)
to be compatible with a Fortran IV G compiler and has been operated
in an IBM 370/168 . As it stands, it requires access to I.B.M.'s
Scientific Packages, SL MATH and S.S.P. Similarly, it makes use (in
subroutine filter) of a double precision matrix inversion subroutine,
DMINV, available from the M.I.T. Information Processing Center.
Present array dimensions limit the number of overland seg-
ments, (possible station locations) to 10. Time steps are limited to
15 and the basin model should have 50 or less spatial elements, in-
cluding all elements and their spatial subdivisions. No more than 15
different network alternatives can be tried in a single computer run.
Memory requirements of the program is about 325 K, varying
with compiler and machine needs.
- 334
Once compiled, the program analyzes a network alternative
of the type shown in Chapter 5 for about $1.00 based on M.I.T.'s In-
formation Processing Center charges as of 11/30/74. C.P.U. charges
at that time were $12/minute.
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DATA CARD DESCRIPTION FOR RAINFALL-RUNOFF NETWORK
DESIGN PROBLEM
Variable Description
IPROB = no. of problems to be solved
(alternative forms of matrix H)
NSN(I),I = l,IPROB = number of stations
to be located in each problem
NW = No. of weights - not used
PRECI = precision of optimization, not used
LIMIT = No. of optimization iterations,
not used
NPTS = No. of station locations - same as
no. of overland segments in basin
description
NPS = No. of possible station locations
(< NPTS)
NDTDT = No. of time steps in runoff model
output
Card No.
1
2
3
WEIGHT (I), I = 1,NW = weights - not used 8D10.5
(blank card needed)
ID(J), J = 1,NPS id's of possible station
locations, given in ascending order and corres-
ponding to order in runoff input (2613,2x)
- 336 -
Format
(13)
(2613,,2x)
14
F6.0
15
15
15
15
4
5
6 ER(I), I = lNPS - variance of instrument
measurement error 8D10.5
7 Hl(I), I = 1,NPS = values of H matrix
at possible points 8D10.5
8 CO(I), I = lNPS = costs of stations
at possible locations, not used (llF7.0,3x)
9 NOVER - No. of overland segments 14
NRIVER - No. of stream segments 14
NELEM - Total no. of elements 14
NUPS - No. of streams flowing into 14
another ( NRIVER-1)
NLAT - No. of overland segments flowing 14
into another segment (-NOVER)
NODES Number of stream confluence points 14
10 NODX(I), I=l,NODES
ID of element coming out of node 1515,5x
11 NDX(I),I=1,1,NELEM
Spatial discretization of all elements 2014
12 PHI(I,J,K) J = 1,2
I = 1,NDIM-NODES
K = 1,NDTDT
(18x,DIO.3,
2x,DIO.3)
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Card No. Variable Description Format
Elements of runoff transfer matrix, c'(.)
obtained from mean runoff solution (see
Appendix 5)
13 JLAT(F), JLAT(I), YLAT(I,K)
K = 1,NDTDT
I = 1,NLAT
(10x,13,2x,I3,2x,DlO.3)
JLAT (I) Id of segment being laterally fed by
JJLAT(I). XLAT(I,K), corresponding element of transfer
matrix. Cards obtained from mean runoff solution (see
Appendix 5)
14 JUP(I), JJUP(I), XUP(I,K) I=1,NUPS,K=1,NDTDT
(13x,I3,2x,I3,2x,Dl0.3)
JUP(I) id's of element fed upstream by JJUP .
XUP(I,K) element of transfer matrix given by mean
solution (see Appendix 5)
15 DIS(K),K=1,NDTDT
derivative of basin outlet discharge, mAm
calculated from mean solution (8D10.3)
(See Appendix 5)
16 TDUR - storm duration (hrs) F6.0
U , storm velocity (mi/hr) F6,o
Direc- storm direction (not used) F6.o
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Variable Description
XLEN - length in x direction of area,
optional if coordinates are co be
generated uniformly (mi) F6.0
YLEN , length in y direction (mi) F6.o
C - coefficient of spatial correlation F6.0
NX - grid dimension in x direction 13
(optional)
NY - grid dimension in y direction 13
NPTS - number of points (overland
segments) (optional) 13
NDT - No. of time steps in which storm
is divided 13
OPTI - 1,2 or 3 for single exponential
quadratic or Bessel covariance 12
OPT2 -- 0 or 1 for reading or generating
coordinates 12
17 If OPT2=1
COORDX(I), I=1, NPTS - x coordinates 16F5.0
18 If O'PT2=l
COORDY(I), I=1, NPTS , y coordinates 16F5.0
19 VINT(J) J=1,NDT - standard deviation of mean
storm 16F5.0
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Card No. Format
Card No.
- 340 -
&
Variable Description
AINT(J), J=1,NDT - time distribution of
mean storm
VMIN - minimum synoptic standard deviation
of precipitation. This is the noise before
storm arrives. Must be very small but non-
zero for rainfall parameter estimation
purposes
INIT(J), J=1,NS
initial solution or network configuration
for each problem (as many as IPROB)
20
21
22
Format
16F5 .0
F5.0
(2613, 2x)
C THIS PROGRAM ANALYSES A DATA COLLECTION NETWORK IN REFERENCE TO
C A FININTE DIFFERENCE SOLUTICN OF THE KINEMATIC WAVE EQUATIONS,
C PROGRAM PREPARED BY RAFAEL L. BRAS
C LAST VERSION AS CF 12/3/14
C SUBROUTINE GAMMA WAS PREPARED BY DARIO VALENCIA
C SEE VALENCIA AND SCHAAKE 1972
DIMENSION NOX(15),NSN(15), IUPS(15,3),ILAT(15,2)
REAL*8 XUP(15,15)
REAL*8 DIS(15),CH Il(50,50 ),CH12(50,50),BETA( 50,10)DUMMY(50,50)
REAL*8 AA(1O,1O,15),BB(1O,1Ol5),ERROR(10,1O),H(10,l0),Hl(1O)CDST
lER(10),WEIGHT(15),XLAT(15,15),PHI(50,2,15),SIGI(10l,1OSIG2(1,0O
2)
COMMON /Al/ AA,BB
COMMON /A2/ ERRORH,COSTF1,ER,CO(10),INIT(UO),[D(10)
COMMON /A4/ X(10),Y(10),CCCRDX(10),COORDY(10),VINT(Io),AINT(10),XL
IEN,YLEN,VMIN,C,UDT ,NX,NYNPTSNDT,NNS ,NPS
I COMMON /A5/ PHI,WEICHT,DIS,ILAT,IUPS,NDXNSNNDIMNELEM,NDTDT
COMMON/A6/ SIG, SIG2,CHIl ,CHI2,BETA,DUMMY
COMMON /A7/ XLAT,XUPJLAT(15),JJLAT(15),JUP(15)hJJUP(15),NOD(15),N
10VERNRIVER,NUPSNLAT NODESIFROB
C READ NETWORK DESIGN DATA
CALL INPTL
C READ RAINFALL EATA AND COMPUTE MARKOV RAINFALL MODEL
CALL RAINFA
C ITERATION ON NUMBER CF PROBLEMS
DO 11 1=1,IPROB
NS=NSN(!)
C INITIALIZE FIRST SCLUTICN
CALL INITI
C
C FIND ERROR COVARIANCE OF RAINFALL AND PROPAGATE THROUGH RUNOFF MODEL
C CALL RCUTINES CESIGN, FILTER , RUNOFF
C OBTAIN VARIANCES OF DISCHARGE FOR EACH TIME
CALL DESIGN
11 CONTINUE
CALL EXIT
MAIN0001
MAIN0002
MAIN0003
MAIN0004
MATNO005
MAIN0006
MAIN0007
MAIN0008
MAIN0009
MAIN0010
MAIN0011
MAIN0012
MAIN0013
MAIN0014
MAIN0015
MAIN0016
MAIN0017
MAIN0018
MAIN0019
MAINO020
MAIN0021
MAINO022
MAIN0023
MAIN0024
MAIN0025
MAIN0026
MAIN0027
MAIN0028
MAIN0029
MAIN0030
MAIN0031
MAINO032
MAIN0033
MAINO034
MAIN0035
MAIN0036
-
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SUBROUTINE INPIL
REAL*8 XUP(15,15),SIG(10,10),SIG2(10,10)
REAL*8 CHII(50,50),CHI2(50,50),BFTA(50,10),DUMMY(50,50)
REAL*8 PHI5O,2, 15),XLAT(15,15),WEIGHT(15),DIS(15)
REAL*8 ERROR(10,10),H(10,10),COSTHL(10),ER(1O)
DIMENSION NOX(15),NSN(15),IUPS(15,3),ILAT(15,2)
COMMON /A2/ ERRORHCOSTH1,ERCO(10),INIT(10),ID(10)
COMMON /A4/ X(1O),Y(10),CCORDX(10),COORDY(10),VINT(10),AINT(10),XL
IENYLENVMIN,CIJ,DTNXNYNPTSNDT,N,NSNPS
COMMON /A5/ PHIWEIGHTDIS,ILATIUPS,NDX,NSN,NDIM,NELEM,NDTDT
COMMON/A6/ SIGlSIG2,CHI1,CHI2,BETA,DUMMY
COMMON /A7/ XLATXUPJLAT(15),JJLAT(15),JUP(15),JJUP(15),NOD{15),N
LOVER,NRIVE&,NUPS,NLAT,NCDESIPROB
C SUBROUTINE INPUT1 READS IN ALL DATA RELEVANT TO NETWORK DESIGN FOR
C A RAINFALL RUNOFF SYSTEM
C
C READ SERIES OF NUMBER OF STATIONS FOR WHICH DESIGN WILL BE TRIED
REAC(5,28) IPROB
28 FORMAT(13)
REAC(5,3) (NSN(I),I=l, IPROB)
C READ NUMBER CF CBJECTIVE FUNCTION WEIGHTS; PRECITION; ITERATION LIMITS
C TOTAL NUMBER OF POINTS; NUNBER OF POSSIBLE STATIONS LOCATIONS; NUMB
C ER OF TIME INTERVALS
READ(5,1) NW,PRECILIUIT,NPTS,NPSNDTDT
I FORMAT(14,F6.C,415)
C READ WEIGHTS
REAC(5,4) (WEIGHT(l),I=lNW) 
.
4 FORMAT(810.5)
C
C READ ID'S OF POSSIHLE STATION LOCATIONS
C ***** IMPORTANT **** READ INDICATORS IN ASCENDING ORDER
C NUMBERING IS CONTINUOUS FRCP LEFT TO RIGHT BOTTOM UP
REAC(5,3) (ID(J),J=1,NPS)
3 FORMAT(2613,2X)
C READ MEASUREMENT ERROR VARIANCE AT POSSIBLE STATION LOCATIONS
RFAD(5,4) (ER(I),I1=1,NPS)
INPT0001
INPT0002
INPT0003
INPT0004
INPT0005
INPT0006
INPTOOO7
INPT0008
INPT0009
INPT0010
INPT0011
INPT0012
INPT0013
INPT0014
INPT0015
INPT0016
INPT0017
INPT0018
INPT0019
INPTOO20
INPT0021
INPT0022
INPTO023
INPT0024
INPT0025
INPT0026
INPT0027
INPT0028
INPT0029
INPTOO30
INPT0031
INPT0032
INPT0033
INPT0034
INPT0035
INPT0036
I
.cs
1
C READ POSSIBLE ELEMENTS OF MATRIX H
READ(5,4) (HI(I),=lNPS)
C READ COSTS AT POSSIBLE POINTS
REAC(5,7) (CO(I ),=1vNPS)
7 FORMAT(11F7.0,3X)
C
C READ INFORMATION tN HYPOTHETICAL CATCHMENT MODEL
REA (5,30) NOVFRNRIVERNELEPNUPS,NLATNODES
C NUPS IS THE NUMBER OF STREAMS FLOWING INTO ANOTHER
C NLAT IS THE NUMBER OF OVERLANC SEGMENTS FLOWING INTO ANOTHER
30 FORMAT(614)
READ(5,90) (NOD(.I),I=I,NOOES)
90 FORMAT(1515,5XI
R EAD(5, 31) (N0>MI),I=lNE LEP)
31 FORMAT(2014)
NDIM=
DO 35 I=l,NELEM
35 NDIP=NDIM+NDX(I)
-- C READ PHI MATRIX ELEMENTS
NDIM=NDIM+NCDES
ND2=NDI M-NODES
DO 50 K=1,NDTDT
DO 50 1=1,N02
50 READ(5,51) (PHI(I,J,K),J=1j2)
51 FORMAT(18XDl0.3,2X,010.3)
C READ UPSTREAM CCNNECTIVITY
C
DO 54 K=1,NDTDT
DO 54 1=1,NLAT
54 READ(5,55) JLAT(i),JJLAT(I),XLAT(I,K)
55 FOQMAT(l0X,13,2X,13,2XDi0.3)
C REAC UPSTREAM CrNDITICNS
00 57 K=lNDTCT
DO 57 I=I,NUPS
57 RFAC(5,58) JUP(I),JJUP(I),XUP(I,K)
58 FORMAT (13X,13,2X,13,2X,010.3)
INPT0037
INPT0038
INPT0039
INPT0040
INPT0041
INPT0042
INPT0043
INPTOO44
INPT0045
INPT0046
INPT0047
INPT0048
INPT0049
INPT0050
INPT0051
INPT0052
INPT0053
INPT0054
INPT0055
I NPT0056
INPT0057
INPT0058
INPT0059
INPT0060
INPT0061
INPT0062
INPT0063
INPTO064
INPT0065
INPT0066
INPT0067
INPT0068
INPT0069
INPTOOTO
INPTO071
INPTOO72
C READ DISCHARGE LINEARIZATICN
REAUIS5,105) (DIS(K) ,K=1,NDTDT)
105 FORMAT(8010.3)
C INITIALIZE DUMPY
DO 70 I=1,NDIM
DO 70 J=1,NDIM
70 DUMMY(I,J)=0.00
C INITIALIZE BETA
DO 74 I=1,NDIM
DO 74 J=1,NPTS
74 BETA(I,J)=C.D00
IPREVI=0
DO 73 I=I,NELEM
KK=NDX( I)
DO 72 J=1,KK
IF(I .GT. NPTS) GOTC 72
L=I PREVI+ J
BETA(L, I )=1.DC/12.DD
72 CONTINUE
IPRFVI=L
73 CONTINUE
RETURN
END
INPT0073
INPT0074
INPTOO5
INPT0076
INPTOOT7
INPT0078
INPT0079
INPT0080
INPT0081
INPT0082
INPT0083
INPT0084
INPT0085
INPT0086
INPTOO7
INPT0088
INPTOO89
INPTO090
INPT0091
INPT0092
INPT0093
INPT0094
INPT0095
SUBROUTINE RAINFA
INTEGER OPT1,OPT2
REAL*8 AA(1(,1(,15),BB(10,1O,15),ERROR(10,10),H(10,10),HI110,COST
1,ER(1O)
REAL*8 WEIGHT(15),XLAT(15,15),PHI(50,2,15),STGI(10,,IOhSIGZ(10,10)
iCHI1(5O,5O),CHIP2(5O,5O),BETA(50,101,DUMMY(5O,5O),oDS(15)
DIMENSION A(10,10),EBT(10,10),COV(10,10),CORI10,10),SYX(10,IO10),SXX
l(1oIO),SYY(10,10),SXY(10, 10)
DIMENSION ILAT(15,2),TUPS(15,2),NSN(15),NDX(15)
DIMENSION Tl(Ioo),T2(10),T3(lC)
COMMON /A1/ AA, RB
COMMON /A2/ ERRjRHCCSTi1,ERCO(10),INIT(10),ID(10J
COMMON /A4/ X(10),Y(10),COCRDX(10),COORDY(10),VINT(1O),AINT(1O),XL
IENYLEN,VMINCUDTNXNYNPTSNDTNNSNPS
COMMON /A5/ PHIWEIGHTDIS,ILATIUPSNDXNSNNDIMNELEMNDTOT
COMMON/A6/ SIGISIG2,CHI1,CHI2,BETADUMMY
C READ INPUT CATA
REAC(5,1) TDUR,U,DIRECXLEN,YLENCNX,NY,NPTSNOTOPT1,OPT2
1 FORMAT(6F6.0,413,212)
C DIREC .CORRESPCNDS TO ANGLE FRCM FIXED X AXIS IN DEGREES.
C OPTI CAN TAKE VALUES 1,2 OR 3 FOR SINGLE EXP, QUADRATIC EXP OR BESSEL
C CORRELATION
C OPT2 IS 0 FOR READING COOORDINATES, 1 FOR GENERATING UNIFORM GRID
IF(OPT2) 3,4,3
4 READ(5,2) (COORDX(i),I=1,NPTS),
2 FORMAT(16F5.0)
REAE(5,2) tCOORDYtI),I=1,NPTS)
GOTO 7
3 CALL COORD
7 DT=TDUR/NDT
READ(5,2) (VINT(J),J=1,NDT)
READ(5t2) (AIN*T(J),J=1,NDT)
C READ SYNOPTIC MINIMUM VARIANCE
RFAE(5,2) VMIN
C EVALUATE NORMALIZED COVARIANCE
CALL CCRR(CCVCOROPT1)
RAI NOOOI
RAIN0002
RAIN0003
RAIN0004
RAIN0005
RAIN0006
RAIN0007
RAIN0008
RAIN0009
RAIN0010
RAIN0011
RAIN0012
RAIN0013
RAIN0014
RAIN0015
RAIN0016
RAIN001T
RAIN0018
RAIN0019
RAIN0020
RAIN0021
RAIN0022
RAIN0023
RAIN0024
RAIN0025
RAIN0026
RAIN0027
RAIN0028
RAIN0029
RAIN0030
RAIN0031
RAIN0032
RAIN0033
RAIN0034
RAIN0035
RAIN0036
C CALCULATE PARAMETERS A(T),eBT(T)
CALL PARAM (CaVCORAA,8B)
WRITE(6,100)
100 FORMAT(WH1,25X,'MARKOV MODEL RAINFALL APPROXIMATION - PARAMETER ES
1TI MATION' I
WRITE(6,il0) TCURU
101 FORMAT(IHO,12X,'STCRM PARAMETERS: ','DURATION(HRS) ',F5.2,9VELOCIT
IY(MPH) IF5.2)
WRITE(6,102) XLENYLEN
102 FORMAT(lHO,12X,'AREA INFORMATION: *,'LENGTH X DIRECTION(MI1 *,F5.2
1,3X*'Y DIRECTION(MI) *,F5.2)
WRITE(6,103) NPTSOT
103 FORMAT(lH0,12X,'NUMBER OF SPATIAL POINTS #,I4,3X,'TIME INTERVAL(HR
1S) ',F5.3)
WRITE(6,501) C
501 FORMAT(1HC,12X,'CORRELATICN COEFFICIENT ',F6.3)
WRITE(6,104)
.104-FORMAT(IHO,25X,'POIN1S COORDINATES(MI)')
WRITE(6,105)
105 FORMAT(UHO,25X,'X COORD.',2X,'Y COORD.')
DO 300 I=1,NPTS
WRITE(6,106) CCCRDX(I),COCRCYII)
106 FORMAT(1H ,25XF6.3,2X,FB.3)
300 CONTINUE
WRITE(69107)
107 FORMAT(1HO,25X,'MEAN AREAL ST.ORM INFORMATION')
WRITE(6,108)
108 FORMAT(IH ,15X,'TIME(HRS)I,4X,'INTENSITY(IN)*,4X,'STD.DEV.')
00 320 I=1,NDT
TIME=I*DT
WRITE(6,109) TIMEAINT(I),VINT(I)
109 FORMAT(IH ,19XF5.2,12XF5.2,7XF5.2)
320 CONTINUE
WRITE(6,115)
115 FORMAT(HO,25X,*MARKCV MODEL PARAMETERS')
WRITE(6,llf)
RAI-NO037
RAIN038
RAIN0039
RAT40040
RAI N0041
RATN0042
'RA I N0043
RAIN0044
RA140045
RATW0046
RATN0047
RAIN0048
RAINO049
ATPN0050
RA 40051
RA-P4052
RAUN0053
RAINOOS4
RAN.0055
RAIN0056
RAIN0057
RAIN0058
RAT40059
RA1NO40
RAIN0061
RAT P0062
RAITNP063
RAIN0064
RAINO 4065
RATN0066
RAIN0067
RAIN0068
RAINO069
RAINOO-O
RAIN0071
RAIN0072
116 FORMAT(lHO,32X,'ALPI-A MATRIX')
DO 400 I=1,N
RTIME=I*DT
WRITE(6,117) RTIVE
117 FORMAT(IHO,32X,'REAL TIME(HRS)',F6.2)
DO 400 M=1,NPTS
WRITE(6,11E) (AA(P,L, I),L=1,NPTS)
118 FORMAT(IH ,10(F7.3,3X))
400 CONTINUE
WRITE(6, 120)
120 FORMAT(1H0,32X,'BETA PATRIX')
DO 420 I=1,N
RTIME=I*CT
WRITE(6,121) RTIME
121 FORMAT(lHO,32X,'REAL TIME(FRS)',F6.2)
DO 420 M=INPTS
WRITE(6,122) (PBBULdI),L=1,NPTS)
122 FORMAT(IH ,10(F7.3,3X))
420 CONTINUE
RETURN
END
'-P,
-I
RAIN0073
RAIN0074
RAIN0075
RAIN0076
RAIN0077
RAIN0078
RAIN0079
RAIN0080
RAIN0081
RAIN0082
RAIN0083
RAIN0084
RAIN0085
RAIN0086
RAIN0087
RAIN0088
RAIN0089
RAIN0090
RAIN0091
RAIN0092
RA IN0093
SUBROUTINE PARAP(CCVCORAA,8)
C THIS SUBROUTINE CALCULATES MARKOV MODEL PARAMETERS AT EACH TIME
REAL*8 AA(l0,lO,15),BB(10,10,15),WEIGHT(15),XLAT(15,15,PHIf50,2,1
15),0IS(15)
DIMENSION ILAT(15,2),NSN(15),NX(15),IJuPS(15,3)
DIMENSION T2(10),T3(10),Tl(100), A(10,1Oh1,BT410,10),SYX(IO,10)S
lxx(10,l).sVYy(10,110),SXY(10910),COV(10*10)*COR(L0,LOI
COMMON /A4/ X(10),Y(10),CCORDX(IO),CDORDY(10)VINT(101,AINT(10),XL
1ENYLENVMINCUDTNXNYNPTSNDTNNSNPS
COMMON /A5/ PHI,WEIGTDISILAT,IUPSNDXNSNNDIMNELEMNOTOT
TC=XLEN/U
N=TC/DT+
N=N+NDT
IFIN .LE. NDTDT) t=NDTDT
DO 100 K=1,N
DO 40 I=1,PNFTS
Ll=(COORDX(I)/U)/DT
IF(K-Ll) 10,10,11
11 IF((K-L1) .GT. NOT) GCTC 10
V11=VINT(K-LI)
GOTO 12
10 V1I=VMIN
12 IF(K-1-LI) 20,2C,21
21 IF((K-1-Ll) .GT. NOT) GOTC 20
V21=VINT(K-1-LI)
GOTO 22
20 V2=VMIN
22 CONTINUE
DO 40 J=1,NPTS
L2=(C0ORDX(J)/U/DT
IF(K-L2) 13,13,14
14 IF((K-L2) .GT. NET) GOTO 13
V12=VINT(K-L2)
GOTO 25
13 V12=VMIN
25 IF(K-1-L2) 26,26,27
PARA0001
PARA0002
PARA0003
PARA0004
PARA0005
PARA0006
PARA0O07
PARA0008
PARA0009
PARAOO
PARAOOti
PARA0012
PARAOOI3
PARA0014
PARA0015
PARA0016
PARA0017
PARA0018
PARA0019
PARA0020
PARA0021
PARA0022
PARAOO23
PARA0024
PARA0025
PARA0026
PARAOO2T
PARA0028
PARA0029
PAAA0030
PARA003-1
PARA0032
PARA0033
PARA0034
PARA0035
PARA0036
27 IF((K-1-L2).GT. NDT) GOTO 26
V22=VINT( K-1-L 2)
GOTO 35
26 V22=VMIN
35 SXX(I,J)=V21*V22*CCV(I,J)
SYY(IJ)=Vl1*VI2*COV(IJ)
SXY(1,J)=V21*V12*COR(I,J)
40 CON T INUE
CALL TRANS(SXv,NPTS,NPTS,SYX)
CALL GAMMA(SY ,SYX,SXY,SXXNPTS,NPTS, 10,10,A,BBT,TrT2,T3)
DO 60 M=1,NPTS
DO 60 L=1,NPTS
AA ( , L K)=A (, L)
60 BB(PL,K)=BB1(P,L)
100 CONTINUE
RETURN
END
U'
PARA0037
PARA0038
PARA0039
PAR A0040
PARA0041
PARA0042
PARA0043
PARA0044
PARA0045
PARA0O46
PARA0047
PAR A0048
PARA0049
PARA0050
PARA0051
PARA0052
PARA0053
SUBROUTINE TRANS(SXYN1,N2,tYX)
C SUBROUTINE TO TRANSPOSE A GENERAL MATRIX
DIMENSION SXY(1,C),SYX(10,10)
COMMON /A4/ X(10),Y(10),COORDX(10),COORDY(10),VINT(10),AINT(10),XL
.EN,YLEN,VMIN,C,UDT,NX,NY,NPTS,NDT,N,NSNPS
DO 20 I=lNl
DO 20 J=1,N2
20 SYX(JI)=SXY(I,J)
RETURN
END
TRANOOOI
TRAN0002
TRAN0003
TRAN0004
TRAN0005
TRAN0006
TRAN0007
TRANOQ08
TRANO009
TRANO010
(it
SUBROUTINE CORR(CCVCCROPTI)
C SUBROUTINE TO FORM NCRMALIZED COVARIANCE MATRIX AND NORMALIZED
C LAG ONE CORRELATION AT EACH POINT
INTEGER OPTI
DIMFNS ION COV (10,10),COR( 10, 10)
COMMON /A4/ X(lO),Y(10),CCORDX(10),COORDY(10),VINT(10),AINT(10),XL
IENYLFNVMIN,C,U,DT,NX,NYNPTS,NOT,NNS,NPS
GOTO (1,2,3),CFTL
C IF OPTI IS I EVALUATE SINGLE EXP COVARIANCE
1 CONTINUE
00 15 I=1,NPTS
DO 15 J=1,NPTS
D=(COORDY(I)-CCORDY(J))**2 +(COORDX(I)-COORDX(J))**2
D=SQRT(D)
COV(I,J)=EXP(-C*C)
D1=(COORDY(I)-COORDY(J))**2 +(COORDX(I)-COORDX(J)+U*DT)**2
D1=SQRT(01)
U* COR(I,J)=EXP(-C*4I)
15 CONTINUE
GOTO 18
C IF OPT1 IS 2 EVALUATE FOR CUACRATIC EXPONENTIAL
2 CONTINUE
O 16 I=I,NPTS
DO 16 J=1,NPTS
D=(COORDY(I)-COORDY(J))**2 +(COORDX(I)-COORDX(J))**2
COV(I,J)=EXP(-C*D)
Dl=(COORDY(I)-COOR0Y(J))**2 +(COORDX(I)-COORDX(J)+U*DT)**2
COR(I,J)=EXP(-C*Cl)
16 CCNTINUE
GOTO 18
C IF OPTI IS 3.EVALUATE BESSEL FORM
3 CONTINUE
DO 17 I=1,NPTS
DO 17 J=1,NPTS
D=(COORDY(I)-Cf0RD7(J))**2 +(COORDX([)-COORDX(J))**2
D=SQRT(0)
CORROO01
CORROO02
CORROO03
CORROO04
CORR0005
CORR0006
CORROO07
CORROO08
CORROO09
CORRO010
CORRO011
CORROO12
CORROO13
CORROO14
CORRO15
CORROO16
CORR0017
CORROO18
CORROO19
CORROO20
CORROO21
CORROO22
CORROO23
CORROO24
CORROO25
CORROO26
CORROO27
CORROO28
CORROO29
CORROO30
CORROO31
CORROO32
CORROO33
CORR0034
CORROO35
CORR0036
V=C*D
CALL BESK(V,1,RKIE)
COV( I,J)=V*RK
O1=(COORDY(I)-CORDYJ))**2 +(COORDXfI)-C00RDX(JI+U*DT)**2
D1=SQRT (Dl I
V=C*Dl
CALL BESK(VtRKIER)
COR(I,J)=V*RK
CONTINUE
CONTINUE
RETURN
END
CORROO37
CORRQO38
CORROO39
CORR0040
CORROO41
CORRQO42
CORROO43
CORROO44
CORROO45
CORROO46
CORROO47
CORROO48
17
18
1
SUBROUTINE COORC
C SUBROUTINE TO CALCULATE CGORDINATES IN UNIFORM GRID
C POINTS ARE ASSUMED IN CENTER OF EACH GRID
COMMON /A4/ X(10),Y(U),CCORDX(IO)COORDY(10),VINT(10),AINT(1O),XL
IENYLENVMIN,C.,UT,NXNYNPTSNDTN.NSNPS
DX=XLEN/NX
DY=YLEN/NY
C SET FIRST CC3RFINATE POINTS
Y(1)=DY/2.
X(1)=DX/2.
DO 10 I=2,NX
10 X(I)=X(I-1)+DX
DO 20 I=2,NY
20 Y(I)=Y(I-1)+DY
DO 25 J=1,NY
DO 25 I=1,NX
K=(J-1)*NX+I
COORDX(K)=X(I)
COCRDY(K)=Y(J)
25 CONTINUE
RETURN
END
COOR0001
COOR0002
COOR0003
CDOR0004
COOR0005
COOR0006
COOR0007
COOROO08
COOR0009
CooRooto
COOR0011
C00R0012
COOR0013
COOR0014
COOR0015
COOR0016
COOR0017
COOR0018
COOR0019
COOR0020
CQOR0021
C00R0022
C SUBROUTINE FOR COMPUTING THE MATRICES A AND BBT
C
C DESCRIPTICN OF PARAMETERS
C Sli, S12, S21, S22: COVARIANCE MATRICES TO BE USED BY THE
C SUBROUTINE
C M.* ACTUAL NUMBER OF ROWS, AND ACTUAL NUMBER OF COLUMNS OF THE
C MATRIX S11; ACTUAL NUMBER CF ROWS OF THE MATRIX S12; ACTUAL
C NUMBER CF COLUMNS OF THE MATRIX S21
C MM: ACTUAL NUMBER OF COLUMNS OF THE MATRIX S12; ACTUAL NUMBER
C OF ROWS OF THE MATRIX S21; ACTUAL NUMBER OF ROWS, AND ACTUAL
C NUMBER OF COLUMNS OF THE MATRIX S22
C IM: SAME AS M BUT DIMENSIONED (IN THE CALLING PROGRAM) INSTEAD
C OF ACTUAL
C IMM: SAME AS MM BUT DIMENSIONED (IN THE CALLING PROGRAM) INSTEAD
C OF ACTUAL
C A: THE RESULTANT MATRIX EQUAL TO S12*INVERSE OF 522 (ACTUAL SIZE:
C M*MM; DIMENSIONED SIZE IN THE CALLING PROGRAM:IM*IMM
C. BBT: THE RESULTANT MATRIX EQUAL TO S1l-S12*INVERSE OF S22*S21
C (ACTUAL SIZE: M*M; DIMENSIONED SIZE IN THE CALLING PROGRAM:
C IM*IM)
C TI: AUXILIARY VECTOR FOR THE COMPUTATICN (DIMENSIONED SIZE IN
C THE CALLING PROGRAM: IMM TIMES IMM)
C T2, T3: AUXILIARY VECTORS FOR THE COMPUTATION (DIMENSIONED SIZE.
C OF EACH ONE IN THE CALLING PROGRAM: IMM)
C
C REMARK
C THIS SUBROUTINE REQUIRES THE SUBROUTINE MINV (FOR MATRIX
C INVERSION), AVAILABLE IN THE SCIENTIFIC SUBROUTINE PACKAGE,
C *************************************************************
C
SUBROUTINE GAMMA (SllS12,S21,S22,M,MM,IM,IMM,ABBTT1,T2,T3)
DIMENSION S1l(IM,IM),S12(IMIMM),S21(IMM,IM),522(IMM,IMM),
1 A(IPIMM),BET(IM,IM),Tl(I),T2(1),T3(lI
L=0
DO 20 J=1,MM
DO 20 I=1,MM
GAM00010 GAMM0001
GAM00020 GAMM0002
GAMOOO3O GA0 M0003
GAM040 GAMMOQO4
GAM0050 GAMM0005
GAM00060 GAMI0006
GAM01007 GAMMfOO7
GAMO008o GAMMO.O8
GAM00090 GAMM0009
GAM00100 GAMM0010
GAM00110 GAMM011
GAMOO120 GAMMo12-
GAM00130 GARM0013
GAM0040 GAMMO014
GAM00150 GAMM0015
GAM00160 GAMM0016
GAM00170 GAMM0017
GAMO0180 GAMMN00I
GAMOO)9O GAMM#0019
GAM4000 GAMR0020
GAM00210 GAMM"Oon
GAMOOZ20 GAMMOOZ2
GAMO0230 GA4M0023
GAMOO240 GAMM0024
GAMoO25O GAMmt0025
GAM00260 GAMMOO-6
GAMOOZ70 GAMM002T
GAMOO280 GAMMOoZ
GAM00290 GAMM0029
GAM00300 GAMM0030
GAMO0310 GAMMOOl3
GAM00320 GAMM0032
GAM00330 GAMM0033
GAM00340 GAMMQO34
GAM00350 GAMM0035
GAM00360 GAMM0036
L=L+1 GAM00370
20 T1(L)=S22f1,J) GAM00380
CALL MINV(T1,MM,DT2,T3) GAM00390
IF(D) 60,60,61
60 WRITE(6,97) D
97 FORMAT(lH0,'***ERROR *** NEAR ZERO OR NEGATIVE DETERMINANT D=',FL
16.10)
CALL EXIT
61 CONTINUE
L=0
00 30 J=1,MM GAM00410
00 30 I=1,MM GAM00420
L=L+1 GAM00430
30 S22(IJ)=Tl(L) GAM00440
DO 40 I=l,M GAM00450
DO 40 J=1,MM GAM00460
SUM=0 GAM00470
DO 35 K=1,MM GAM00480
35 SUM=SUM+S12(IK)*S22(K,J) GAM00490
40 A(I,J)=SUM GAM00500
DO 50 I=1,M GAM00510
DO 50 J=1,M GAM00520
SUM=0 GAM00530
DO 45 K=1,MM GAM00540
45 SUM=SUM+A(IK)*S21(1,J) GAM00550
50 BBT(IJ)=S11(IJ)-bM, GAM00560
RETURN GAM00570
END GAM00580
GAMM0037
GAMM0038
GAMM0039
GAMM0040
GAMM0041
GAMM0042
GAMM0043
GAMM0044
GAMM3045
GAMM0046
GAMM0047
GAMM0048
GAMM0049
GAMM0050
GAMM0051
GAMM0052
GAMM0053
GAMM0054
GAMM0055
GAMM0056
GAMM0057
GAMM0058
GAMM0059
GAMM0060
GAMM0061
GAMM0062
GAMM0063
GAMM0064
I
SUBROUTINE IN111
REAL*8 ERPOR(10,10),H(10,1O),H(10),ER(10),COST
COMMON /A2/ ERROR,H,COSTHjlERCO(IOINIT(1O),IDIOI
COMMON /A4/ X(10),Y{10),CCCRDX(10),COORDY(10),VINT(10),AINTU1O),XL
IENIYLEN,[VMNCUDT,NX,NY,NPTS,NDTN,NSNPS
C THIS SUBROUTINE SETS INITIAL MATRIX H AND CORRRESPONDING
C MEASUREMENT ERROR CCVARIANCE MATRIX. INITIAL DESIGN COST IS
C ALSO CALCULATED
C READ ID'S OF INITIAL DESIGN
REAC(5,12) (INIT(J) ,J=1,NS)
12 FORMAT(26I3,2X)
C FORM H MATRIX ANC INITIAL COST
COST=0.DO
DO 40 I=1,NS
DO 41 L=1,NPS
IF(INIT(I)-ID(L)) 41,51,41
41 CONTINUE
51 LL=L
COST=COST+CO(LL )
00 40 J=1,NPTS
H( IvJ)=0.D0
H(I,INIT(I))=HI(LL)
40 CONTINUE
C FORM ERROR COVARIANCE MATRIX
D0 55 I=1,NS
DO 55 J=1,NS
IF(I-J) 59,56,59
56 DO 57 L=1,NPS
IF(INIT(I)-ID(L)) 57,58,57
57 CONTINUE
58 LL=L
ERROR(I ,J)=ER (LL)
GOTO 55
59 ERROR(IJ)=C.OC
55 CONTINUE
WRITE(6,100)
INIT0001
INIT0002
INI T0003
INITOO04
INIT0005
INIT0006
INITOOT
I NI T0008
IN!T0009
INIT0010
INIT0011
INIT0012
IN! TOO13
INITOO14
INITOO15
INIT0016
fNIT0017
INITOO18
INITOO19
INIT0020
INI T0021
INIT0022
INIT0023
INIT0024
INITOOZ5
INIT0026
INIT0027
INIT0028
INIT0029
INITOO30
INIT0031
INIT0032
INIT0033
IN1T0034
INIT0035
INIT0036
100 FORMAT(lH1,20Xi'*** H MATRIX ***I)
00 70 I=1,NS
70 WRITE(6,102) (H(IJ),J=1,NPTS)
102 FORMAT(IH ,10(C9.1,3XJ)
WRITE(6,107)
107 FORMAT(fHO,20X,'*** ERROR MATRIX ***9)
DO 72 I=1,NS
72 WRITE(6,103) (EFPPOR(IJ),J=1,NS)
103 FOPMAT(IH ,10(Clt.2,2X))
RETURN
END
INIT0037
INIT0038
INIT0039
INIT0040
INIT0041
INIT0042
IN!T0043
IN!T0044
INIT0045
INIT0046
INIT0047
I
SUBROUTINE DESIGN
REAL*8 XUP(15,15)
REAL*8 AA(10,'10,15),BB(10lO,10,15),CHT1(50,50),CH12(50,50),BETA(50,1
10), DUMMY(50,50),DIS(15)
REAL*8 SIGl(I:,10),SIG2(10,10),AAA(10,10),BBB(10,1OhERROR(10,10),
IH( 10, 10)
REAL*8 WEIGHT(15),XLAT(15,15),PHI(50,2,15)
REAL*8 COSTHI(10),ER(10)
DIMENSION ILAT(15,2),IUPS(15,3),NSN(15),NDX(15)
COMMON /Al/ AAeP
COMMON /A2/ ERPORH,COSTHl,EP,CO(10),INIT(10), 10(10)
COMMON /A4/ X(10),Y(10),CCCRDX(10),COORDY(10),VINT(10),AINT(bO),XL
1ENYLEN,VMIN,CU,OT,NX,NY,NPTS,NDT,N,NS,NPS
I COMMON /A5/ PHI,WEIGHT,DOSILATIUPSNDXNSNNDIM,NELEM,NDTDT
COMMON/A6/ SIGI,SIG2,CHII,CHI2,BETADUMMY
COMMON /A7/ XLATXUP,JLAT(15),JJLAT(15),JUP(15),JJUP(15),NOD(15),N
LOVERNRIVERNUPS,NLAT,NODESIPROB
DO 30 I=1,NPTS
DO 30 J=1,NPTS
30 SIG1(IJ)=0.D0
C INITIALIZE CHIl AND CHI2
DO 47 I=1,NDIM
DO 47 J=1,NDIP'
CHI1(I,J)=O.CO
47 CHI2(IJ)=C.DO
DO 32 K=1,N
DO 33 I=1,NPTS
DO 33 J=lNPTS
AAA(I,J)=AA(IJ,K)
33 BBB(I,J)=BB(I,J,K)
CALL F ILTER(AAA ,BBBSlG2,SIG1)
RTIME=K*PT
WRITE(6,75)
75 FORMAT(lHO,20X,'ERPCR COVARIANCE MATRIX - RAINFALL')
WRITE(6,55) RTIMF
55 FORMAT(1HO,5X,'RFAL TIME(HPS)',F6.2)
DES 10001
DESIO002
DES10003
DES10004
DESI0005
DESI0006
DES 10007
DES10008
DES10009
DES10010
DESI0011
DES10012
DESIO013
DES10014
DESI0015
DES10016
DESI0017
DES10018
DES10019
DES10020
DES10021
DES10022
DES10023
DES10024
DES10025
DES10026
DES10027
DES10028
DES10029
DESIO030
DES10031
DES10032
DES10033
DES10034
DES10035
DES10036
DO 35 L=1,NFTS
35 WRITE(6,40) (SIG2(L,M),Y=1,NPTS)
40 FORMAT(10(010.3,2X
CALL RUNOFF(K)
DO 45 I=1,NPTS
DO 45 J=1,NFTS
45 SIGL( I,J)=SIG2( ,J
32 CONTINUE
RE TURN
END
DES10037
DESIO038
DES10039
DES10040
DES10041
DES10042
DES10043
DESI0044
DES10045
DES10046
w
0
I
SUBROUTINE FILTEF(AAABBBSIG2,SIGl)
C THIS SUBROUTINE FINDS THE MEAN SQUARE ERROR INVOLVED IN ESTIMATING
C POINT RAINFALL INTENSITY FROM A GIVEN NETWORK AT TIME T
REAL*8 AAA(10,l0),BEB( 10,10),SIG1(10,tl),SIG2(10,10)
REAL*8 RI(1O,1O),R2(10,10,ERROR(10,1O),H(10,10),H11O),COSTER(10
1)
REAL*8 DETERM
COMMON /A2/ ERRORH,COSTHlERCO(10 lINIT(101,IO( 103
COMMON /A4/ X(10),Y(10)CCC:RDX(10),CODRDY(10),VINT(1O),AINT(lOhXL
1ENYLENVMINCUDTNXNYNPTSNDTN,NS,NPS
DIMENSION IIWORK(10,2)
C OBTAIN SIGMA(T+1/T)
.IER=0
CALL DMMGG(AAA,10,SIG1,1ONPTSNPTSNPTSSIG2,10,IER)
CALL DMMGG(SIG2, 1OAAA,-10,NPTSNPTSNPTSSIGIl0,IER)
CALL OMAGC-(SICL,10,EBB,10,NPTS,NPTS,3,SIG2,10,IER)
C OBTAIN SIGMA(T+1/T+1).
CALL DMMGG(HlOSIG2,l0,NSNPTSNPTSRIl0,IER)
CALL DMMGG(PI,1OH,-10,NSNPTSNSSIG1,10,IER)
CALL DMAGG(ERRORlOSIG, 1ONSNS,3,SIGI,10,IER)
IF(NS .NE. 1) GOTO 997
SIGl(1,l)=1./SIG1{1,1)
GOTO 996
997 CALL DMINV(10,NSSIGlDETERMIIWORKIEPR)
996 CALL DMMGG(SIGI,1O,H,10,NSNSNPTSR1,10,IER)
CALL DMMGG(RIOSIG2,10,NSNPTSNPTSSIGll0,IER)
CALL DMMGG(SIG2,10,H,-10,NPTSNPTSNS,Rll0,IER)
CALL DMMGG(RL0,SIG, 1ONPTSNSNPTSR2.10,IER)
CALL CMAGG(SIG2,10,R2,1ONPTSNPTS,1,SIG2,10,IER)
RETURN
END
FILT0001
FILT0002
FILT0003
FILTOOO4
FILT0005
FILT0006
PLTO007
FIT0008
FILT0009
FILTOO10
FILTOOl
FILT0012
FILT0013
FILT0014
FILT0015
FILT0016
F It TOO 17
FILT0018
F11T0019
FILT0020
FILTOO21
FILTO022
FILT0023
FILTO024
FILT0025
FILT0026
FILT0027
FILT0028
FILT0029
FILT0030
FILT0031
SUBROUTINE RUNCFF(K)
DIMENSION l(I.AT(15,2),NSN(15),NDX(15),IUPS(15,3)
REAL*8 DSQRT
REAL*8 STDEV
REAL*8 XUP(15,15)
REAL*8 SIGI(10,10),SIG2(10,10),CHII(50,50),CHI2(50,50)DuMMY(50,50
1),BETA(50,IO),RB(50,50),RV(50,50)
REAL*B WEIGHT(15),XLAT(15,1),PHI(5O,2,I5),DIS(15),DISVAR
COMMON /A4/ X 10),Y(1O),COORDX(10),COORDY(10),VNT(1O),AINT( LOhKL
lENYLENVMINC.,UDTNXNYNPTSNDTNNSNPS
COMMON /A5/ PHIWEICITDIS,ILATIUPSNDX.NSNNDIMNELEMNDTDT
COMMON/A6/ SIGlSIG2,CHIlCHI2,BETADUMMY
COMMON /AT/ XLATXUPJLAT(15),JJLAT(15),JUP(15),JJUP(15),NOD(15),N
10VERNRIVER,NUPS,NLATNODESIPROB
IOPREVI=C
00 43 I=I.,NELEM
KK=NDX( I)
.DO 42 J=1,KK
L=I PREVI+J
IF(J .NE. 1) GCTO 57
DUMMY(L,L )=PHI (L,2,K)
GOTC 42
5T OUMMY(LL-1)=PHI(L,1,K)
DUMMY(LL)= Phl(L,2,f)
42 CONTINUE
IPREVI=L
43 CONTINUE
00 60 I=1,NLAT
II=JLAT(I)
JJ=o
00 62 N[=LII
62 JJ=JJ+NDX(NI)
IJ=JJLAT( I)
KK=O
DO 63 NI=lI.
63 KK=KK+NDX(NI)
RUNO0O01
RUN00002
RUNO0003
RUNOOOO4
RUN00005
RUN00006
RUNO0007
RUNOOO08
RUNO0009
RUN00010
RUN0011
RUNDOO12
RUN00013
RUNO0014
RUNOO015
RUN0016
RUNOOO'17
RUNDO018
RUN00019
RUNOOO20
RUNO0021
RUN00022
RUN00023
RUN00024
RUN0025
RUN0026
RUN00027
RUN00028
RUN00029
RUN00030
RUN00031
RUN00032
RUN00033
RUN00034
RUN00035
RUNG0036
DUMMY(JJ-1,KK)=XLAT(I,K)
DUMMY(JJ,KK)=XLAT(I,K)
60 CONTINUE
ND2=NDIM-NCOES
DO 80 I=1,NLPS
II=JUP( I)
DO 82 J=1,NCDES
IF (II .EQ. Nf)CJ)) GOTO 83
82 CONTINUE
83 JJ=ND2+J
IJ=JJUP (I I
KK=0
DO E4 NI=],IJ
84 KK=KK+NDX(NI)
DUMMY(JJ,(K)=X0P(IK)
IK=II-1 -
LL=0
DO 85 NI=1,IK
85 LL=LL+NDX(NI)
DUMMY(LL+1,JJ)=PHI(LL+1,1,K)
80 CONTINUE
C COMPUTE COVARIANCE CF DISCHARGE
IER=O0
CALL DMMGG(BETA,50,SIG2,I0,NDIMNPTS,NPTS,R8,50,IER)
CALL DMMGG(R8,50,BETA,-50,NDIMNPTSNDIM,R9,50,IER)
CALL DMMGG(Ut)MMY,50,CHII,50,NDIMNDIM,NDIMR8,50,IER)
CALL DMMGG(R8,50,OUPMY,-50,ND)IMNDIMNOIM,CHI2,50,IER.)
CALL DMAGG(CHI2,50,R9,50,NCIM,NDIM,3,CHI2,50,TER)
DO 100 i=l,NDIO
00 100 J=1,ADI
100 CHIl(IJ)=CHI2(I,J)
PTIME=K*DT
WRITE(6,102) RTIME
102 FORMAT(1H(,5X,'RFAL IIME(HRS) ,F6.2)
N02=NDIM-NOCES
DISVAR=(DIS(2)*42)(CH12fNC2,NC2)
RUNO0037
RUNO0038
RUN00039
RUN00040
RUNO0041
RUNO0042
RUN00043
RUNO0044
RUNO0045
RUNO0046
RUNO0047
RUNO0048
RUNO0049
RUNO0050
RUNO0051
RUNO0052
RUN00053
RUNO0054
RUNO0055
RUN00056
RUN00057
RUNO0058
RUN00059
RUNO0060
RUNO0061
RUNO0062
RUN00063
RUNO0064
RUN0065
RUN00066
RUNO0067
RUNO0068
RUNOO069
RUNO0070
RUNO0071
RUN00072
WRITE(6,tC5) DISVAR
105 FORMAT(lH0,'***0ISCFARGE VARIANCE IS ',D10.3)
STDEV=DSQRT (DISVAR)
WRITE(6,106) STOEV
106 FORMAT(IH ,I*** CISCHARGE STANDARD DEVIATION IS tD10.3)
RETURN
END
RUNOOO73
RUNO0074
RUN00075
RUNO0076
RUNO0077
RUNOO078
RUN00079
.Is
I
SUBROUTINE WIER(IERNOI
RETURN
END
WIEROOOI
WIER0002
WI ER0003
U'
Appendix 8
Following is a listing of the data used with the rainfall-
runoff network design program.
-366-
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1 1 1 1 ? 2 3 3 3 4
1 C 8 8 15
1 2 3 4
.0100
I.DC
12
5 6 78
.00500
1 .00
3 8 1
2 2 2 2
1 2 C.C
1 3 0.0
2 2 C.C
2 3 c.0
3 2 0.0
3 3 c.0
4 2 C.0
4 3 0.0
5 2 0.0
5 3 C.0
6 2 0.0
6 3 0.0
7 2 c.0
7 3 0.0
8 2 0.0
8 3 0.0
9 2 0.0
9 3 0.0
IC 2 0.0
10 3 c.0
11 2 0.0
11 3 0.0
12 2 C.C
12 3 0.0
1 2 0.0
.02 CO
1 .00
2
Cc
co
DC
DC
EC
fDO
DC
C0
C0O
DC
CC
cO
DC
CC
EC
00
0 c
c0
00
Oc
0o
CO
DC c
Cc
CO
4 4 8
.007CC
1 . C
2 2 2
1.000CD C
I .000C0
1.COCCC
1. CCCDC
1.000CC
1.000CO
I.000CC
1.000CC
1 .000
1.CCCDC
1.00CC
1 .000O0
1.C000CC
1. ccc c
1 .000 C
1.CCC
1.C000C
1.000CC
1.000C0
1. CCCDC
1.0000C
1.00000
1.000DC
1.CCCDC
0.957CC
.C08cc
1 .00
.oc5cc
1 .C0
.C 15DC
1 .0
2 2
CATACCO1
CATAC002
DA ACCC3
CA TACC04
CAT AOO05
.C170C ,A41ACCC6
1.CC CATACCC7
CtATcoc8
ATAC009
DATACClC
EATACO I
CAT AC012
DAIACC13
CATACC14
CATACO15
CA TACC16
DATACC17
CATA0018
CATAC019
DA 1ACC2C
CATAC021
AtTAC022
DAIACC23
CATACC24
A T ACO25
CA ACC26
CATACC27
CATAC028
CATA CC29
DA TA C C3C
CATAC031
CATAC032
UAIACC33
CATAC034
CATAC035
DA1ACC36
IU.)
8 4
12
2 2
60 .00
60.00
6000
60.00
60.00
60. cc
60.00
60.00
60.00
60.00
60.00
60.00
60.00
60 .00
60.00
60 .00
60-00
60.00
60.OC
60.00
60.00
60. CO
60.00
60.00
120.00
120.C C
120.00
120.00
120. CC
120.00
120.00
120.00
120.00
120.00
120.00
120.00
120.00
120.00
120.00
120.00
120.00
120.00
120.00
L120.00
0 120.00
120.00
120.00
120. CC
180.00
180.00
180.00
180.00
180.00-
180.00
180.00
180.00
180.00
180. CC
180 .00
180.00
180.0 CC
1 3 c.C430C
2
2
3
3
4
41
5
6
6
7
7
8
8
9
9
IC
10
11
11
12
12
1
2
2
3
3
41
45
5
5
6
6
7
0.0 CC
0.04300
0.0 CO
C .0550
0.0 00
0.05500
C.0 CC
C 06200
0.0 CC
C. C620C
0.0 CC
0.08400
C. DC C
0.084CC
0.0 CO
0.1060C
0.0 CC
0.08100
C.0 DO
C .C8C C
C .08 10C
0.04200
0.C DC
0 . 119CC
0.0 CC
0.1190 C
0.0 CC
0.151CC
0.0 )C
C. 15100
0.0 00
C.1680C
C.C C
C .1686C
0.0 CC
C-957CC
C. 9570C
0.957 C
0.945CC
C. 9150C
0.945CC
0.94500
C. 9380C
0.9380C
0.93800
C.938DC
C.916CC
0 .91600
C.916CC
C. 9160C
0.894CC
0.894C
0.919 C
0 .919CC
0.920CO
C. 920CC
0.95800
0.95800
C.8810C
C .8 10C
0.88100
0.P81C
C. E490C
0.848C
0.849CC
C. 848C
0.832CC
0.8310
C. 832DC
0.8310C
0 .77300
CATACC37
CATAC038
CA IA C C39
CATACC4C
CATAC041
CA TA CC42
DA TA CC43
LATA0041
CATAC045
DA TACC46
CATAC047
CAA0048
DATACC49
CATACC5C
CATAC051
AT1ACC52
CATACC53
CATACO54
CATACC55
DA TA CC56
CATAC057
CATA058
DATACC59
CATAC060
CATAC061
DA TA C062
CA TA C063
CATA0064
CATACC65
CATACC66
CATA0067
OATAC068
DA TA C C69
CATA0070
CATA0071
DA1ACC72
180.00 7 3 C.227DC
180.00
180.00
180.00
180.00
180.00
180 .00
180.00
180 .00
180.00
180 .00
240.00
240. 00
240.00
240 .00
240.00
240.00
240 .00
240.00
240. 0C
240.00
240.00
240.00
240.00
240.00
240.00
240.00
240.00
240.00
240.00
240.00
240.00
240.00
240 .00
240.00
3C0.00
8
8
9
I C
11
12
12
1
2
2
3
i
4
4
5
5
6
6
7
7
8
8
9
9
10
10
11
11
12
12
1
0.0 CC
0.22800
C.0 DC
C .255 5C
0.0 00
C. 19400
0.0 DC
0 .19200
0.19400
C . IC 200
0.0 CO
0 .20500
c.0 DC
0 .20 5CC
0.0 Co
C. 2fC0C
0.0 0 C
0.260 CO
0.0 00
C .2890C
0.0 Co
0.28900
C.C Dc
0.387CC
0.0 00
C. 3E8DC
0.0 CC
0 .44000
C.C DC
C. 33tDC
0.0 C
0.33200
0.33800
0.186CC
0.0 CC
C.77100
0 .7720C
0 .771C0
C. 74500
C. 745 C
0 .806C0
C. 806CC
C. 8080C
0.808CC
0.898c o
C. 8990C
0.79500
0 .790C0
C.79500
C.7900 C
0 .740C0
C.732CC
0. 7400C
0 .732CC
0.711CC
C. 7020C
0.71100
0.702CC
0.6 1300
0.59600
0 .612C0
C. 5950C
C. SCDC
0 .55500
0.664CC
0. 6610C
0.668CC
0.665 CO
C. 81 40C
0.82400
0 .646 CO
CATAC073
CATAGO74
DAIACC75
CATAC076
CATAC077
DAIACC78
EATACC79
CATAC080
CA TAC C 1
DA TA CC82
C ATAC083
CATA0084
DTA CC85
CATA0086
CATAC087
DA TAC 088
CATACC89
C AT AC 090
DA TAC 091
OATACC92
CATAC093
DATA0094
DA TA CC95
EATACO96
CATAOO97
DAACC98
CATAC 99
EPTA0103CATACICDATACIC2
EATAC106
CAT A0104
DA TA CIC
DATAC 106
C AT AC106
CATAO107
DAIAC 108
300.00
300.00
3C0.00
300.00
300.00
300.00
3C0 .00
300.00
3C0.00
3CC. CC
3CC .00
300.00
3C0. CC
300.00
300.00
300.00
3Co. 00
300 .00
300.00
300.00
300.00
300.00
300. 00
360.00
360.00
360.C C
360.00
360.00
360.00
360.00
360.00
360.00
360.C
360.00
360.00
360. CC
1
2
2
3
3
4
45
5
5
6
6
7
7
8
9
10
10
11
11
12
12
2
2
3
3
4
4
5
5
6
6
7
C.354C
0.0 C 
C.354CC
C.0 C C
C . 44 6 C
0.0 CC
C . 446 C
0.0 Dc
0.494 CC
0.0 C0C
C .49400
0.0 00
0.655CC
C.0 DC
C .65600
0.0 CC
C. 7ICi c
0.0 CC
0.53900
0.0 00
0 .5320C
0.54700
0.32100
0.0 C c
0 .464CC
0.0 E C
C. 464C
0.0 CC
0 .574CC
C.0 CC
0.574AC
0.0 Co
C.62 800
C.C DC
0 .62800
0.0 DC
C.63CDC
C .6460C
0 .630CC
0.55400
C.5290C
0.554CC
C.529CC
C. 5060C
0.476CC
0.506CC
0.4760C
0.34500
0 .29200
0.344C
C.2910C
0 .299CC
C. 280CC
0.46100
0 .450C
0.468CC
C. 457DC
0.679CC
0.714 CO
0.53600
0 .48 400
0 .536 CC)
0.484C
C.426DC
0 .347CC
C.426C C
C. 3470C
0.372CC
0.275CC
0.3720C
0.27500
0.195CC
CATAO109
DATA0110
DATAC ill
ATA 0112
CATA0113
uA 1ACi 14
CATAC 115
CATA0116
DAlAC117
DATA C112
CATAC119
DATA0120
DA TA C 12 1
CATA0122
CATA0123
DA IAC124
CATAC125
CATA0126
CAIAC127
CATAC 12 E
CATAC,129
DATAC130
DATAC131
CATA0132
CAT A0133
DA TAC 134
CATAO 135
CA TA0136
DA TAC137
CATAC13E
CTA0139
DATAC140
DA TAO 141
CATA0142
DATAC143
DA TAC 144
360.00
360.00
360. cc
360.00
360 .00
360.00
360.00
360.00
360.00
360. CC
360.00
420.00
420. CC
420.00
420.00
420.00
420.00
420.00
420.00
420.00
1 420.00
420.00
420.00
420.00
420.00
42C.C0
420.C0
420.00
420.00
420.00
420.00
420.00
420.C0
420.00
420.00
480.C C
7 3 C.8c50C
8
8
9
9
10
IC
121111
12
12
1
2
2
3
3
4
4
5
5
6
6
7
7
e
1 c9
9
10
10
11I
11
12
12
1
0.0 CO
0.80600
0.0 DC
0.96200
0.0 00
0.752DC
0.0 DC
0.742CC
0.781CC
C . 51700
0.0 CO
0.446DC
0.0 C C
0.44600
0.0 c0
C. 529C
0.0 Cc
0.52900
.C DC
0.56700
0.0 CC
0.567DC
C.C DC
0 .67800
0.0 C C
C. 678C C
0.0 C C
1.070O0
0.0 C0
C.87700
0.0 E0O
C.86300
c.950CC
0.75700
0.0 cc
C.C3200
0.19400
0.0310
C. 038DC
-C .0250 C
0.24800
0.211CC
C. 258 C
0.22 10
0.48300
C. 5830C
0.5540C
0.445C0
0.5540C
0.4450C
0.47100
C.3120C
C.4710C
0 .312C
C.433CC
C. 246C
0.4330CC
0.24600
0.3220C
0.0440 C
0.32200
C.044DC
-C .070CC
-0.23000
0.123CC
0.0250C
0.13700
0.04100
0.243DC
0.442C
0 .62000
CATAC145
DATA0146
DATA 147
CATA0148
CATA0149
DATAC15C
CATAC 151
EATA0152
OATAC153
DATA C154
EATA0155
DATAO156
DATAC157
CATA0158
CATA0159
DATAC16C
CATA0161
SATA0162
CA TAC 163
DATAC164
CATA0165
CATAC166
DA TAC 167
CATA0168
CATA0169
DAIAC17C
CATA0171
CATA0172
DATAC173
CATAC174
CATA0175
DA JAC176
DATAC177
CATA0178
DATA0179
DATACIEC
480.00
480.00
480.00
480. Co
480.00
480.00
480.00
480.00
480.00
48C. CC
480.00
480.00
48C. CC
480.00
480.00
480.C C
480.00
480.00
480.00
480.00
480.00
480.00
480.00
540.00
540.00
540.00
540.00
540.00
540.00
540.00
540.C C
540.00
540.00
540.00
540.00
540.00
1
2
2
4
4
5
5
6
6
7
7
8
8
9
9
10
10
I1.1
11
12
12
1
1
2
2
3
3
4
4
5
6
6
7
I
C.3EC0C
0.0 CC
C.38000
.C DC C
C .434CC
0.0 CO
C. 434C
0.0 DC
0.457C
0.0 DO
C.457C
0.0 CO
C.51900
C. cC c
C .519CC
0.0 C,
1. CC CC C
0.0 c C
0.883CC
0.0 C C
0.861 C
C. 984C
0.953C
0.0 00
0.319C
0.0 DC
0.319CC
0.0 no
0.355CC
0.0 CC
0.35500
C.C DC
0 .369CC
0.0 CC
C. 369C
0.0 DC
C.483AC
0.6200 C
0.483CC
C.566DC
0.3870C
0.566CO
C.387CC
C. 5430 C
0.344CC
0.54300
0.344C
0.4810C
0.235CC
0.481D C
0 . 2350C
0.000C
-IC. 2 330C
C.1170C
-0.046CC
C. 1390C
-0.023C
C.047CC
0.2530C
0.681CC
0.542CC
0.681CC
0 . 542 C
0.645C0
C.477DC
0.645C
0.477CC.
0.631C
C.;4510 C
0.631CO
0.451EC
C. 596Cc
CATA0181
DATA 0182
DATAC183
CATA0184
CATA0185
DATAC186
CATAC1E7
CATA0188
CATAC189
DATAC19C
CATAC 191
DATAC 193
CATAC194
DATAC195
DATAO 196
CATAC197
CATAC198
DAIAC199
CATA0200
DATAC2CI
CATAC2C2
CATA0203
CATA02C4
CATAC2C5
CATA0206
CATAC2C7
DATAC2CE
CATA0209
CATA0210
DATAC211
CATA0212
UATA0213
DATAC214
CATAC215
CATA0216
540.00
540.00
540.00
540.00
540.00
540.00
540.00
540.00
540.00
540.00
540.00
600.00
600. CO
600.00
6C0.00
6CO . CG
600 .00
600.00
6C0. CO
600.00
600 .00
6C0.c c
600.00
600.00
6C0.00
600.00
600.00
6C0.00
6C .CO
600 .00
600.00
6c0. CC
600 .00
600.00
600.00
660.00
7
8
8
9
9
IC12
11
12
12
1
1
2
2
3
3
4
4
5
6
it
7
7
8
9
10
10
11
11
12
12
1
(A
U,
C.404CC
0.0 00
C. 4C50C
C.0 C
0.88200
0.0 DC
c. 8240 C
0.0 00
0.79800
C.915D C
1 .CC200
0.0 CC
C. 2770C
0.0 CC
0.277C0
C.C DC
0. 302D 0
0.0 00
C.30200
C.C DC
0 .31200
0.0 Co
C. 3120 C
0.0 Dc
0.33600
C.C DC
0 . 336 C
0.0 CO
C . 7900 C
0.0 D C
0.760CC
0.0 0C
C.730C
0.83600
C.93500
0.0 CO
C.3eEDC
0.595 00
C. 38800
C. 118DC
-0 .097CC
0.176C
-C. CC9 C
0.2020C
0 .020C0
-C. C0200
0.0500C
0.723 00
C. 593D
C.72300
0 .59400
0.69800
-C. 54E0DC
0.698CC
0.548 CO
C. 6880 C
0 .5300C
0 .68800
0.53000
C.6640C
0.48900
C.6640 C
C. 4890C
0.210C0
C. 0190C
C. 24000
0.06500
0.270 CO
C. 0970 C
0.06500
-C. C 140C
0.755C
CATA0217
DAlAC218
EATAC219
CATA0220
CA IAC221
CATAC222
CATA0223
CATA0224
DATA C225
CATA0226
UATA0227
0ATAC228
EATA0229
CATA0230
DAIAC231
CATAC232
CAT40233
D A I0234
DATA C235
CATA0236
0ATA0237
DATAC238
EATA0239
CATA0240
DAlAC241
CATAC242
CATA0243
OATAC244
CATAC245
CAT A0246
0AIAC247
DATAC248
CATA0249
DATA0250
CATA0251
CATAC252
W
660. CC
60 .C
660.00
660. cc
660.00
660.00
660 OC
660.00
660.00
660.00
60.00
660.00
660.00
660.00
660.00
660.00
60.CO
660.00
660.00
660. cc
660 .00
660.00
660.00
720.00
720.00
720.00
720.00
720.00
720.00
720.00
720.CO
720.00
720.00
720.00
720.00
720.00
1 3 C.24500
2 2 C.0 C C
2 3 0.24500
3 2 C.0 DO
3 3 C.264QC
4 2 0.0 C0
4 3 0.264CC
5 2 C.C C0
5 3 0.272CC
6 2 0.0 00
6 3 C.272D C
7 2 0.0 DC
7 3 0.28900
8 2 0.0 DC
8 3 0.289CC
9 2 0.0 CO
9 3 C.72CDC
10 2 0.0 c C
10 3 0.70400
11 2 0.0 00
11 3 C.673DC
12 2 0.76800
12 3 0.86200
1 2 C. cC C
1 3 0.22100
2 2 0.0 E C
2 3 C.2210C
3 2 0.0 C
3 3 0.23600
4 2 0.0 00
4 3 C.236DC
5 2 0.0 00
3 0.24100
6 2 C.C C c
6 3 0.241 CC
7 2 0.0 00
0.635 00
C. 755CC
0.635CC
0.73600
C.601C
0.7360C
0.6010
C.7280C
C.58800C
0.728C0
C.588CC
C. 711)C
0.5600C
C.711C
C.55900
0.280CC
C. 1070C
C. 2960C
0.133CC
0.327CC
C. 167DC
0.138CC
0.05200
C. 779C
0.670CC(
0.77900
0.670CC
C. 764AC
0.64300
0.76400
C.643D
0.7590C
0.63400
C. 75900
0.634C
0.7460
DATAC253
CATAC254
CATAC255
DATAC256
CATA0257
DATA0258
DATAC259
CATA0260
EATA0261
DAIAC262
CATAC263
CATA0264
DAIAC265
CATA0266
CATA0267
CALAC268
CATAC269
CATAO270
CATAC271
DATAC272
CATA0273
DATA0274
DATAC275
CATA276
CATA0277
OAIAC278
CATAC279
CATA0280
DATAC281
DATAC282
CATA0283
CATA0284
DATAC285
CATA0286
DATA0287
DAIAC288
720.00
720.00
720.00
720. CC
720 .00
720.00
720. CC
720.00
720.00
720.00
720.00
780.00
78C. CC
780.00
780.00
780.00
780.00
780.00,
780.00
780.00
780.00
780 .00
780. CO
780.00
780.00
780.00
780.00
780.00
780.00
780.00
780.00
780.00
780.00
780.00
840. 00
7
8
8
9
9
10
I C
11
11
12
12
1
1
2,
2,
3
4
4
5
6
6
7
7
8
8
9
9
IC
ICI
1112
12
12
I
C.254C
C.C oC
0.254CC
0.0 CC
0. 66 5C
0.0 0
0.6570C
C.C DC
0 .62600
0.713C
C.8ECCC
C.0 DO
C.201CC
C.C DC
0.20 ICC
0.0 Co
C. 2130C
0.0 Dc
0 .213CC
0.0 C
C.2170C
0.0 CO
O .217C
C.C oC
C.228CC
0.0 CC
C. 2280C
0.0 CC
0.620CC
0.0 no
0.6170C
0.0 CC
0.5870C
C.667C
C .74700
0.0 CC
0.612CC
C. 746DC
0.612CC
C.335CC
0. 177C
0.343CC
0. 19 1iC
0.3740C
0.2260 C
0.200CC
0.1190C
C .7990C
0 .698CO
C.7990C
C.f698C
0.787CC
C. 677CC
0.787DC
0.677CC
0.783CC
0.6690 C
0 .7830C
0 .669CC
C.7720C
C.6520C
0.772CC
0.652CC
C. 38C0C
0.234C C
0.383CC
C. 241 C
0.4130C
0.275C C
C. 253DC
0.1770C
C .816CC
CATAC2E9
EATA0290
D A 1 AC 291
CATAC292
C ATAC293
CA TAC294
DA TA C295
CATAC296
GATA0297
DA TA C298
CATAC299
CATA0300
DA TAC 30 1
CATA0302
CATA0303
DA AC3C4
CATAC3C5
CATA0306
CATAC3C7
DATAC3C8
CAT AC309
CAT A0310
DA TAC3 11
CATAC312
CATA0313
DATAC314
CATAC315
CATA0316
CATAC31 7
CATAC318
CATAC319
CATA032C
DA TA C321
CATA0322
CATAC323
DA TAC 324
840.00
840.00
840.00
840.00
840.00
840..00
840.00
840.00
840.00
840.00
840.00
840.00
840.C O
840.00
840.00
840.00
840.00
840.00
840.00
840.00
840.00
840.00
840.00
9CC.00
900.00
90c.c c
900.00
900.00
900.00
900.00
900.00
9CC .00
9C0.00
9CC .00
9CC.00
9C0. CC
1
2
2
3
3
4
4
5
5
6
6
7
7
8
9
9
10
10
11
11
12
12
1
2
2
3
3
4
4
5
5
6
6
7
C.1840C
C.c 0
0.184CC
C.C DC
0.1940C
0.0 c0
C. 1940 C
0.0 DC 
0 .198cCo
0.0 CC
C. 1980
0.0 u0C
0.206DC
C.C c C
0.206CC
0.0 C c
C. 583 C
0.0 CC
0.583CC
0.0 C c
0.554CC
0.628CC
0.702C
c.c C c
0 .170CC
0.0 cc
C. 17DC
0.0 cc
0.17900
0.0 C C
0.17900
0.0 cO
C. 120 C
0.0 C
0 . 182CC
0.0 Dc
C.722C
0.8160C
0.722CC
0.8060 C
C. 705C0
0.806CC
C. 705CC
C. 802D C
0.698c C
0.802CC
0.698C C
0.7940C
0 .685CO
C. 7940 C
0.68500
0 .417CC
C.2810C
C.4170 C
0.283CC
C.446E C
C. 3170C
0.298CC
0.227CO
C. 83CC
0.74200
0.830CC
C. 7420C
C .821 C
0.728CO
0.821CC
C.7280C
0 .818CC
C.723CC
C.818EC
0.723CC
0.811CC
-4
CATA0325
DATA0326
DATAC327
CATA0328
CATA0329
DA1AC330
CATAC331
CATtA0332
DATAC333
DATAC334
CATA0335
CATAG336
DATAC337
CATA0338
CATA0339
DATAC34C
CATA0341
CATA0342
CATAC343
CATAC344
CATAC345
CAtAC346
DATAC347
CATA0348
DATA0349
DATAC35C
CATA0351
CATA0352
DATAC353
DATAC354
CATA0355
DATAC356
CATAC3517
CATA0358
CATAC359
DATAC36C
900.00
9C0.00
9CO. 00
9CC.00
900.00
9C0. cc
9C0.00
900.00
9c0.00
9C0.00
900.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
60.00
120.00
120.00
120 .00
120.00
120.00
120.00
120.00
120.00
180.00
180.00
180.00
180.00
180.00
18 .00
180 .00
180.00
240. 00
C. 7110C C
0.811C C
0.71100
C. -490C
0.32 IDC
0.44600
C.320CC
C .4750C
0.35300
C. 336 CC
C .2700C
7
8
8
9
9
LC
11
11
12
12
9
9
10
10
11
11
12
12
9
9
ic1 c
11
11
12
12
9
9
iC
10
11
12
12
s
I
-4
tl
0. 189CC
0.0 00
0.18900
C.C DC
0.55100
0.0 DO
C.554DC
c.0 rC
0.52500
C. 594cc
C.664CC
314 .14400
418.85900
188.48600c
146.60100
293.20100
251.3150C
104.715-00
146.60100
E6 .56C0C
I147.415E C
516 .336 CO
40 1.595 00
803.189OC
688.44800
286.85400
401.5959C
1517.08100
2022.77300
910.62 100
708.26100
1416.41200
1214.06700
505.963C
708.34800
2658.80700
0/TAC361
CA3AC362
DA TA C363
CATA0364
CATA0365
DATAC366
CATA0367
CATA0368
DA TA C369
CATAC370
EATA0371
CA TAC372
CATAC373
CAT AC 374
DATAC375
DA TA C376
CA TA0377
CATA0378
CA IAC379
CATAC38C
EATA0381
CA 1AC382
CATAC383
CATA0384
DATA0385
DATAC386
CATA0387
CATA0388
DA IAC389
CATA0390
CATAC391
CATAC392
CATAC393
EATAC394
DATAC395
DA TA C396
240.00
240 .00
240.00
240.00
240.00
240.00
240. CO
300 .00
300 .00
3C0.00
300.00
300.00
300.00
300.00
300.00
360.00
360.CC
1 360.00
3 360.00
0* 360.00
-360.00
360.00
360.00
420.00
420 .00
420.00
420.00
420.00
420 .00
420.C C
420.00
480 .00
480.00
480.00
480 .00
480.00
9
10
10
11
11
12
12
9
9
10ic
11
11
12
12
9
9
10I I11
11
12
12
9
9
10
IC
11
11
12
12
9
9
1 C
10
11
3545.0150C
1601 .78400
1245.832E O
2489. 744C
2134.065cc
890.9840
1247.379C0
3635.E865C
4847.44100
2223.07200
1729056CC
3445.43300
2953.235 00
1242. 514C
1739.525C
3587.59000
4781.83600
2340.7960t
1820.620 00
3581.25000
3(69.6770C
1337.C5f0C
1871.91200
2871.115CC
382 5.44CCC
2086.80700
1623.07300
3116.9450C
2671 .74300
1244.99800
1743.0720C
2295.967CC
3C58.65600
1778.(42CC
1382.922CC
2608.833CO
UATA0397
CA T10398
DA TAC399
CAT A0400
CATA0401
CA TAC4C2
CATACAC3
CATAO4O4
DATA C4C5
DATA C4C 6
EATA0407
CATA0408
DA TA C4C9
CDATA0410
CATAC411
CA TAC412
UATAC413
CAT A04 14
CATAC415
DATA C4 16
CA TA0417
DATA0418
CA TA C419
CA TA0420
CATA042 1
CA TAC422
CATA C42 3
0ATA0424
C AT A C425
DA TA C42f
CATA0427
DAT A0428
OA TAC429
V ATAC430
A T A0431
0A l A C432
480.00
480 .00
480.00
54C.00
540 .00
540.00
540.00
540.00
540 .00
540.00
540.00
600 .00
6CC .00
6C. *CO
6CC .00
6bO.00
6CC. CC
600.00
600.00
660.00
660.00
660 .00
660 .00
660.00
660 .00
660.00
660. cc
720.00
720 .00
720.00
720.00
720 .00
720.00
720.00
720 .00
780.00
11
12
12
9
9
I C
'C
11
11
12
12
9
9
IC10
'C
11
12
12
toI10
10
11
11
12
12
9
9
10
IC
11
11
12
12
9
2236.233C
1102.407CC
1543.478[0
19.17.845CC
2554.7260C
1538 .788CC
1196.835CC
2233.7940C
1914.769C
979.115CC
137C.8830C
1653.837C
2202.94 1CC
1356.23800
10 54.8520C
1955.469CC
1676.20100
E78.2540 C
1229.683CC
1457.898CC
1941.886C
1213.433CC
943.781CC
174 1.396CC
1492.70500
795.69700
1114.102CC
13C5.97DC
17 39 .48c C
1098.779C
854.606CC
1571.457EC
1347.038CC
727. 305CC
iC 18.34900
1184.297CC
CATAC433
C ATt0434
DA IA C435
CATAC4 36
CAT A437
DAT AC438
DA TA C4 39
CATAC440
DATA0441
DA TAC442
EATAC443
CAT A0444
CA 1AC445
CATAC446
CAT A0447
SAT AC 448
DA TA C449
CATAC450
CATA0451
DA TAC452
CATA0453
CAT A0454
C A TA C455
CATA C456
CAT AC457
CAT A0458
DATA 459
CATAC460
CATA0461
DA TA C462
CATAO463
CA TA0464
CA TAC465
CATA C466
CATA0467
CATAC468
780.00 9
780.00 10
780.00 10
780.00 11
780.00 11
780.00 12
780.00 12
840.CC 9
840.00 9
840.00 10
84C. 00 1 C
840.00 11
840.00 11
840.00 12
840.00 12
900.00 9
900.00 9
9C0.CO iC
C 900.00 10
j 9C0.00 11
9CO. c I I
900.00 12
900.00 12
6C.CC
60.CC
60.00
120.00
120. CC
120.00
180.00
180.C C
180.00
240.00
24C. C
240.CC
300.00
12
12
12
12
12
12
12
12
12
12
12
12
12
1577.392 0
ICC4.6490 C
781.394E0
1433.066CO
1228.413CC
669.85tCC
937.916 CO
IC84.41CCC
1444. 3320C
925.923 CO
720.16200
1318.026UC
1129.80200
620.9620
E69. 4620C
I0CC.78700
1332.93800
8E9. c48 C
668. 149C
1220.7660
1046.43500
78.85UC
810.511 CO
LC 0.370C0
11 0.4430C
9 0.619CC
10 0.891c0
11 1.C68C
9 1.490C
10 1.555EC
11 1.86200
9 2.59OC
10 2.521CC
it 3.018C0
S 4.2C20C
1C 3.617CC
DATA C46';
C AT A0470
C A T A0471
DA TAC 472
CATA 473
EATt0474
DA IA C475
CATAC476
CAT t0477
DA TA C478
D A TA C479
CATt0480
A T A0481
LA I AC482
CA TA0483
CATA0484
D A IAC485
CATAC486
CATA0487
CA TA 0488
DATA C489
EATAC490
CATA0491
DATAC492
CATAC493
EATAO494
DAIAC495
CATAC496
CATA0497
DA 1A C498
DATAC499
CATAO5CO
OATA0501
DATAC5C2
OATAC5C3
CATA0504
3C. C
300. CC
360.00
360 .0
360 CC
420.00
420 .00
420. CC
480.CC
480 .00
480. CC
540. CC
540.00
540.00
600 .CC
600.00
600.00
660. CC
0 660. CC
660.00
720.CC
720.CC
720 .00
780.00
780. CC
780.00
840.00
840. CC
840.CC
900.00
9co.Cc
900.CC
.5338 CO
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
1?
12
12
12
12
12
12
12
12
11
9
I C
11
9
1 C
11
9
1C
11
9
I C
11
9
1C
11
9
1C
11
9
10ICI
9
10
11
9
10
9
10
11
9
1.276300
4.326C0
5.9780C
4.469CC
5.32710
7.173C C
4.7950C
5 .684C C
7 .19400
4.622DC
5 .442CC
6 .39900
4. 2861C
5.C 16,C
5.72500
3.9741CC
4.628DC
5.209CC.
3.70700
4 .3C2DC
4.80200
3 .48100
4.C28C
4 .471C
,3.287CC
3.7950C
4.195C
3 .11900
3 .59400
3 .S6CDC
2.97100
3 .419 0
3.7580C
2.22700 3.62450C 5.2I160C
DATACSC5
CATAC506
CATAO507
CA AC5C8
CATAC5C9
CATAC510
DA 1 A C511
DATA C512
CATAC513
DAT AC514
DA TAC515
CATA0516
CATA0517
DATAC518
CATAC519
CDAT A0520
DATAC521
DATAC522
CATA0523
DATA524
DATAC525
CATAC526
SA T A0527
CATAC528
DATAC 529
CATAC530
CA7AC531
DA TA C532
EATA0533
DATA0534
DAIAC535
CATA0536
I.CEUC 9.461CC 12.05400 CATA0537
12.86200 12.0300 11.1765C0 10.439600 9.8075CC 9.2618CC
6.C 2C.0 c.( C.15 3 3 8 6 1 0
6.0 8.0 2.0 3.0 13.C 12.0 6.C 7.5
DAIAC538
CATAC539
CATA0540
4.0 3.0 6.5 8.0 7.0 8.5 12.0 1l.C
C.16 0.24 C.2C C.56 C.36 0.20
0.16 0.40 0.56 1.68 C.92 0.28
.C01
3
3
5
2
4
3
2
DATAC541
CATAC 542
UATA0543
DATAC544
DATAC5145
CATC A546
CATA0547
CA ,AC548
DATAC549
CATAC550
CATA0551
01PAC552
DATAC553
CATAO554
CATAC555
DAWAC556
DATAC557
7
6
7
7 8
5 6
5 7
3 4 5 6 7 8
1
3
6
7
1
7
1
2
1
3
1
I.
]
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